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REMARKS 

Applicants have amended Figs. 2-5 in order to delete the asterisks therefrom. 
In light of the amendments to the drawings figures, it is respectfully submitted that 
the objection to Figs. 2-5 as set forth in Item 3 on pages 2 and 3 of the Office Action 
mailed April 2, 2008, is moot. Moreover, with the present submission of 
Replacement Sheets 2/7 through 5/7, it is respectfully submitted that the requirement 
for corrected drawing sheets has been satisfied. 

Applicants have amended their specification in light of the issues raised by the 
Examiner in objecting to the disclosure, in Item 2 on page 2 of the Office Action 
mailed April 2, 2008. In light of these amendments to the specification, it is 
respectfully submitted that the objection to the disclosure in Item 2 on page 2 of the 
Office Action mailed April 2, 2008, is moot, and that the required correction has been 
made. 

Applicants have amended their claims in order to further clarify the definition 
of various aspects of the present invention. Specifically, Applicants have amended 
each of claims 1-3 to recite a "cell-mediated immunological" diagnostic method. 
Applicants have further amended claim 1 to recite that in collecting blood of a subject 
animal, collected blood is thereby provided; to recite a step of adding an anti- 
interleukin 10 (IL-10) antibody "to the collected blood, while inducing cell-mediated 
immunological reaction against Mycobacterium avium subsp. paratuberculosis in the 
collected blood"; to recite that the measuring is after the adding; and to delete 
recitation of cuituring in the last line thereof. 

Independent claim 3 has been further amended to recite that in collecting the 
blood of a subject animal, collected blood is provided; to recite the step of adding an 
anti-interleukin 10 (IL-10) antibody to the collected blood, while inducing cell- 
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mediated immunological reaction against mycobacterium in the collected blood; to 
recite that the measuring is subsequent to the adding; and to delete recitation of 
culturing in the last line thereof. 

Moreover, Applicants are adding new claims 4-6 to the application. Claim 4, 
dependent on claim 1 , recites that the cell-mediated immunological reaction against 
Mycobacterium avium subsp. paratuberculosis in the collected blood is induced by 
adding Mycobacterium avium subsp. paratuberculosis antigen selected from the 
group of Mycobacterium avium subsp. paratuberculosis PPD, live Mycobacterium 
avium subsp. paratuberculosis and soluble antigen obtained by heat-killed 
Mycobacterium avium subsp. paratuberculosis to the collected blood. See, e.g., the 
sole full paragraph on page 15 of Applicants specification. Claims 5 and 6, 
dependent respectively on claims 1 and 3, recite that the subject animal is cattle. 

Applicants respectfully traverse the rejection of their claims under the second 
paragraph of 35 USC 1 12, as being incomplete for omitting essential steps, 
particularly insofar as this rejection is applicable to the claims as presently amended. 

Thus, note that the present claims recite a cell-mediated immunological 
diagnostic method including, inter alia , adding an IL-10 antibody to the collected 
blood, while inducing cell-mediated immunological reaction against specified matter 
in the collected blood, with, subsequently, measuring an amount of produced 
interferon-Y in the blood. It is respectfully submitted that the claimed method 
corresponds to the processing described, for example, in the paragraph bridging 
pages 9 and 10, and the first full paragraph on page 10, of Applicants' specification, 
thereby showing that the claims particularly as presently amended do not omit 
essential steps. 
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Reference by the Examiner to omitted steps in the first three lines on page 4 
of the Office Action mailed April 2, 2008, is noted. It is respectfully submitted that, 
especially as presently amended, the claims do not omit essential steps for the cell- 
mediated immunological diagnostic method as presently recited in the claims. 

Applicants respectfully traverse the rejection of their claims under the first 
paragraph of 35 (JSC 112, as not being supported by an enabling disclosure, 
especially insofar as this rejection is applicable to the claims as presently amended. 
Thus, the Examiner contends that while the specification is enabling for 
distinguishing between infected and uninfected cattle by utilizing M, avium subsp. 
paratuberculosis PPD, the specification does not reasonably provide enablement for 
use of other single antigens. This contention by the Examiner is respectfully 
traversed. Thus, on page 1 3 of Applicants' specification, various subject animals are 
disclosed; and it is also described that there is involvement of a Mycobacterium 
avium subsp. paratuberculosis antigen in human Crohn's disease. Various antigens 
that can be used are described, for example, in the sole full paragraph on page 15 of 
Applicants' specification, with preparation thereof also being described. See also 
new claim 4. Contrary to the contention by the Examiner in the first paragraph of 
Item 6, on page 4 of the Office Action mailed April 2, 2008, as Applicants disclose 
use of other antigens from Mycobacterium avium subsp. paratuberculosis, it is 
respectfully submitted that Applicants need not be limited to the specific antigen 
alleged by the Examiner in the first paragraph of Item 6 on page 4 of the Office 
Action mailed April 2, 2008. 

Moreover, while Applicants have described various specific antigens which 
can be used, the Examiner has provided no evidence or reasoning that Applicants 
are in error that such other antigens can be used. Absent evidence or reasoning 
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submitted by the Examiner that other antigens within the scope of the present claims 
can be used, as stated by Applicants in their specification , the enablement rejection 
is improper. See In re Dinh-Nauven . 181 USPQ 46 (CCPA 1974); In re Bowen , 181 
USPQ 48 (CCPA 1974). 

Furthermore , it is emphasized that Applicants provide guidance in connection 
with the presently claimed cell-mediated immunological diagnostic method, providing 
specific examples. It is respectfully submitted that one of ordinary skill in the art 
using a specific antigen within the scope of the present claims, could easily 
determine whether such antigen can be used with the claimed method, including 
measuring an amount of produced interferon-y. In view thereof, it is respectfully 
submitted that any experimentation necessary for practicing the claimed cell- 
mediated immunological diagnostic method would not be undue. See In re Angstadt . 
190 USPQ 214 (CCPA 1976). 

In the first paragraph on page 5 of the Office Action mailed April 2, 2008, the 
Examiner refers to the Koets, et al. article, as teaching that substituting a single 
antigen for PPD from M. avium subsp. paratuberculosis does not result in the same 
reactivity utilizing samples from cattle infected with M. avium subsp. 
paratuberculosis] and that, thus, there is a lack of predictability in the art that merely 
substituting PPD from M. avium subsp. paratuberculosis with any single antigen from 
M. avium subsp. paratuberculosis would result in the ability to diagnose infection 
utilizing the present methodology. 

Generally, a single antigen used in Koets, et al. is known to have antigenicity 
and immune stimulation weaker than those of complex antigens such as PPD. 

However, as seen in the Examples in the present application, a single protein 
or single peptide contained in PPD is considered to have a high possibility to induce 
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production of IFNy. IHowever, no single antigen showing antigenicity stronger than 
that of complex antigen has been known. 

Cell-mediated immunological diagnostic methods including a step of selecting 
an appropriate antigen is a technique widely used to diagnose other diseases than 
paratuberculosis, and belongs to a common technique in the field of the present 
invention. This method can be canried out easily by those skilled in the art, based on 
routine experimental work. 

In other words, the feature of the present invention is to enhance sensitivity in 
the prior technique of cell-mediated immunological diagnostic methods, by adding 
anti-IL-10 neutralizing antibody, which is based on a universal theory common to 
single and complex antigens. It is respectfully submitted that one of ordinary skill in 
the art could determine antigens within the scope of the present claims, for 
performing the claimed cell-mediated immunological diagnostic method. In view 
thereof, it is respectfully submitted that the present disclosure is sufficiently enabling 
to satisfy the requirements of the first paragraph of 35 (JSC 112, for one of ordinary 
skill in the art, with respect to subject matter of the present claims. 

The contention by the Examiner that the specification only utilizes PPD as set 
forth in the second full paragraph on page 5 of the Office Action mailed April 2, 2008, 
is respectfully traversed. As described in the sole full paragraph on page 15 of 
Applicants' specification, other Mycobacterium avium subsp. paratuberculosis 
antigens can be used. See also claim 4. 

The contention by the Examiner in the third full paragraph on page 5 of the 
Office Action mailed April 2, 2008, is respectfully traversed. It is respectfully 
submitted that in view of Applicants' disclosure as a whole, to one of ordinary skill in 
the art, and noting that cell-mediated immunological diagnostic methods including a 
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step of selecting appropriate antigens is a technique widely used to diagnose other 
diseases than paratuberculosis, and belongs to a common technique in the field of 
the present invention, it is respectfully submitted that choice of specific antigens 
within the present claims can be determined by one of ordinary skill in the art without 
undue experimentation. It is emphasized that the enablement requirement of 
35 use 112 does not prohibit all experimentation, only undue experimentation. See 
In re Angstadt . supra . 

Applicants respectfully traverse the rejection of claim 3 under the first 
paragraph of 35 USC 1 12, as set forth in Item 7 on pages 5-7 of the Office Action 
mailed April 2, 2008, particularly insofar as this rejection is applicable to claim 3 as 
presently amended. Thus, claim 3 has been amended to recite a cell-mediated 
immunological diagnostic method, including the step, inter alia , of adding an anti- 
interleukin 10 (IL-IO) antibody to the collected blood, while inducing cell-mediated 
immunological reaction against mycobacterium in the collected blood. As shown in 
the abstract of the article by Redpath, et al., "Hijacking an exploitation of IL-10 in 
intracellular pathogens", in Trends in Microbioloqv . Vol. 9, Issue 2 (1 February 2001), 
pages 86-92, a copy of which is enclosed herewith, it was known as of the date of 
the above-identified application that by allowing host macrophages to release IL-10, 
intracellular pathogens containing Mycobacterium shows strong 
immunosuppression. 

Attention is also directed to the following articles enclosed herewith, each 
having a date prior to that of the above-identifted application: 

1. D. R. Roach, et al., "Endogenous Inhibition of Antimycobacterial 

Immunity by IL-10 Varies between Mycobacterial Species", Scand. J. 
Immunol. . Vol. 54 (2001), pp. 163-170; 
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2. M. Jacobs, et al., "Enhanced immune response in Mycobacterium 
bovis bacille calmette guerin (BCG)-infected IL-10-deficient mice", Clin 
Chem Lab Med. . Vol. 40. No. 9 (2002 Sept.). pp. 893-902; 

3. J.-S. Lee, "Profiles of IFN-y and its regulatory cytokines (IL-12, IL-18 
and IL-10) in peripheral blood mononuclear cells from patients with 
multidrug-resistant tuberculosis". Clin Exp Immunnol . Vol. 128 (2002), 
pp. 516-524; 

4. H. F. Geerdes-Fenge, et al., "Evaluation of the effect of interleukin-10 
on the multiplication of Mycobacterium avium complex in human 
macrophages and in C57BL/6 mice", Clin microbiol Infect. . Vol. 5, No. 9 
(1999 Sept.), pp. 560-566; 

5. J. Turner, et al.. "In Vivo IL-10 Production Reactivates Chronic 
Pulmonary Tuberculosis in C57BL/6 Mice", The Journal of 
Immunology . Vol. 169 (2002), pp. 6343-6351; and 

6. A. Fietta. et al., "Virulence of Mycobacterium tuberculosis affects 
interleukin-8. monocyte chemoattractant protein-1 and interleukin-10 
production by human mononuclear phagocytes", Int J. Tissue React. . 
Vol. 23, No. 4 (2001), pp. 113-25. 

It is respectfully submitted that these documents show that infection with 
various Mycobacterium spp. induces production of IL-10 in a host. And it is 
respectfully submitted that the examples in the above-identified application prove 
that neutralization of IL-10 activity removes the above immune suppression so as to 
diagnose infection with Mycobacterium spp. at a high sensitivity, taking 
paratuberculosis as a typical example. It is respectfully submitted that in view of 
Applicants' disclosure as originally filed as a whole, to one of ordinary skill in the art . 
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one of ordinary skill in the art could have applied the present invention to various 
Mycobacterium spp. without undue experimentation. Again, while some 
experimentation may have been necessary, such experimentation would not be 
undue. 

In view of the foregoing comments and amendments, and in view of the 
submitted documents, reconsideration and allowance of all presently pending claims, 
and passing of the above-identified application to issue in due course, are 
respectfully requested. 

To the extent necessary. Applicants hereby petition for an extension of time 
under 37 CFR 1 .1 36. Kindly charge any shortage of fees due in connection with the 
filing of this paper, including any extension of time fees, to the Deposit Account of 
Antonelli. Terry. Stout & Kraus. LLP, Account No. 01-2135 (case 1333.46042X00), 
and please credit any overpayments to such Deposit Account. 

Respectfully submitted, 

ANTONELLI, TERRY, STOUT & KRAUS, LLP 

By AA^illiam I Solomon/ 

William I. Solomon 
Registration No. 28,565 

Attachments: As stated above 
WIS/ksh 

1300 N. 17th Street, Suite 1800 
Arlington, Virginia 22209 
Tel: 703-312-6600 
Fax: 703-312-6666 
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Endogenous Inhibition of Antimycobacterial Immunity by IL-10 
Varies between Mycobacterial Species 
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* Mycobacterial Research Group, Centenary Institute of Cancer Medicine and Cell Biology, Sydney; "tThe Cooperative Research Centre for Vaccine 
Technology, The Queensland Institute of Medical Research, Brisbane; t Department of Medicine, University of Sydney, Sydney, Australia; and 
^DNAX Research Institute for Molecular and Cellular Biology, Palo Alto, USA 
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Roach DR, Martin E, Bean AGD, Rennick DM, Briscoe H. Britton WJ. Endogenous Inhibition of 
Antimycobacterial Immunity by IL-10 Varies between Mycobacterial Species. Scand J Immunol 
2001;54:163-170 

Interleukin (IL)-IO is an immunoregulatory cytokine that inhibits both Thl-like T cell responses and 
macrophage activation. Deficiency of IL-10 has been associated with increased Thl-like QDA^ T-cell 
responses and increased clearance of some intracellular pathogens, however, its role in mycobacterial 
infections is controversial. In order to examine the effects of mycobacterial virulence on the outcome of 
infection we compared infection with Mycobacterium avium and virulent Mycobacterium tuberculosis in 
C57B1/6 IL-10~'" mice. M. avium infection in IL-10"'" mice resulted in sustained increases in interferon 
(IFN)-'Y-secreting T-cell responses and was associated with the increased clearance of M, avium from the 
liver and lung. By contrast, M. tuberculosis infection in IL-IO"*'" mice led to a transient increase in IFN'-y T- 
cell responses at 4 weeks postinfection, with reduced bacterial burden in the lungs. This was not sustained so 
that by 8 weeks there was no difference to wild-type (WT) mice. In vitro infection of IL-IO"'"" macrophages 
with M. avium, but not M, tuberculosis, led to an increased IL-12 production. Therefore, endogenous IL-10 
exerts a significant inhibition on specific IFN-7 T-cell responses to M. avium infection, however, this effect 
is short lived during the M. tuberculosis infection, and fails to influence the long-term course of infection. 

Prof. Warwick J, Britton, Centenary Institute of Cancer Medicine and Cell Biology, Locked Bag No, 6 
Newtown 2042, New South Wales, Australia. E-mail: wbritton@medicine.usyd,edu,au 



INTRODUCTION 

The control of mycobacteria] infections requires the activation of 
antigen-specific CD4"^ T cells which are recmited back to the site 
of infection where they stimulate infected macrophages to kill the 
mycobacteria [1]. The macrophage activating cytokine critical to 
this process is IFN-7 [2], but others are also required to control 
the infection, including tumour necrosis factor (TNF) [3] and 
lymphotoxin-a (LTa) [4]. TNF synergises with IFN-^y to induce 
maximal activation of macrophages [5], while both TNF and LTa 
are required for granuloma formation to contain the infection 
[3, 4]. IL-10 is a pleiotropic cytokine with a broad range of 
immunoregulatory activities [6], which could influence the 
outcome of mycobacterial infections. First, IL-10 inhibits the 

\ These authors contributed equally to this study. 



development, proliferation and cytokine production of Thl-like T 
cells, principally through its inhibitory effects on macrophages 
and dendritic cells (DC) [6, 7]. These effects were initially 
characterized with murine IFN-7 secreting Thl-like T-cell clones, 
however, IL-10 was subsequently found to inhibit cytokine 
production from both Thl-like and Th2-like human T cells [8]. 
Secondly, IL-10 has direct inhibitory effects on the macrophage 
activation with reductions in the expression of cell-surface 
molecules [9], a decreased production of pro-inflanmiatory 
cytokines, such as TNF and IL-ip [10], and reduced responses 
to activation signals [11]. For example, IL-10 inhibits an IFN-^f- 
induced activation of inducible nitric oxide (NO) synthase and the 
production of reactive nitrogen intermediates [9]. As a result 
exogenous IL-10 blocks IFN-7-stimulated growth inhibition of 
bacille Calmette-Guerin (BCG) in macrophages [12]. Deletion of 
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the IL-10 gene in mice resulted in the expansion of IFN-7- 
secreting Thl-like CD4^ T cells and inflammatory pathology, 
such as chronic enterocolitis [13, 14]. Infection of IL-lO-deficient 
(IL-10~'~) mice with the intracellular pathogens. Listeria 
monocytogenes [15] and Chlamydia trachomatis [16] resulted in 
enhanced IFN-7 T-ce!l responses and increased the clearance of 
these organisms. However, the increased CD4'*' T-cell responses 
of IL-IO^'" mice to other pathogens, such as Toxoplasma gondii 
[17] and Typanosoma cruzi [18] resulted in an excessive 
production of IFN-7 and pro-inflammatory cytokines, exuberant 
cellular inflammation and death. 

In the case of mycobacterial infections, there is conflicting 
evidence as to the role of endogenous IL-10. Neutralization 
experiments with anti-IL-10 antibodies demonstrated an en- 
hanced resistance to the M. avium infection [19, 20] although 
the mechanism of this activity was not determined. Initial 
reports with IL-10 gene deficient mice showed no difference in 
the course of M, bovis (BCG) [21] and M, tuberculosis infection 
[22], Subsequently, more detailed studies revealed an increased 
resistance to the BCG infection in IL-10"'" mice early in the 
course of infection [23, 24]. We considered that these 
differences may, in part, reflect the virulence of the mycobac- 
terial species examined. Members of the M. avium complex 
usually cause progressive disease in humans with advanced CD4 
T-cell deficiency, as seen in HIV/AIDS [25] or those with 
defects in IFN-7 signalling or production [26]. By contrast, M. 
tuberculosis is more virulent and causes a progressive infection 
in apparently normal subjects or early in the course of HIV/ 
AIDS during mild immunodeficiency. Therefore, we have 
compared the effect of an endogenous IL-10 deficiency on the 
pattern of Thl T-cell responses and the clearance of mycobac- 
teria during infection with either M avium or the more virulent 
Af. tuberculosis. There was a sustained increase in the frequency 
of IFN-7-secreting Thl-like T cells and clearance of the 
mycobacteria in M, avium infected IL-IC'" mice, compared 
to WT C576BL/6 mice indicating that endogenous IL-10 has a 
significant immunoregulatory role during M. avium infection. 
Following the M. tuberculosis infection, there was a transient 
increase in Thl-like T-cell responses at 4 weeks postinfection 
that was associated with a significant reduction in the bacterial 
load at this early time point. This effect, however, was not 
sustained in the lung, indicating that IL-10 does not play a major 
regulatory role in chronic M. tuberculosis infection. 



METHODS 

Mice. The control WT mice were 6-8-weeks-old C57BI/6 mice 
obtained from the Animal Resource Center (Perth, Australia). IL-10 
gene deficient mice (IL-10~'") were generated as previously described 
[13] and back-crossed 10 times onto a C57B1/6 background. All mice 
were housed under specific pathogen-free conditions in the Centenary 
Institute animal facility until infection, when they were transferred 
either to a level 2 physical containment facility following M. avium 
infection or a level 3 physical containment facility following Af. 
tuberculosis infection. 



Bacteria and experimental infections. The M. avium strain (serotype 
8) utilized causes a chronic infection in C57B1/6 mice (27] and was 
kindly provided by C. Cheers (University of Melbourne, Victoria, 
Australia), It was grown in supplemented Middlebrook 7H9 liquid 
medium (Difco, DeU-oit. USA) for 7 days at 37 °C and then stored at 
- 70 °C. Before use the inoculum was sonicated for 10 s to disperse 
clumps. Mice were infected intravenously through the lateral tail vein 
with 1 X 10^ cfu of Af. avium, A Middlebrook airborne infection 
apparatus (Glas-col, Tcnre Haute, IN, USA) was used to infect mice 
with 100 cfu of Af. tuberculosis H37Rv, as previously described [3]. The 
numbers of viable bacteria in target organs were examined over time by 
plating serial dilutions of whole organ homogenates on supplemented 
Middlebrook 7H11 agar (Difco) and counting bacterial colony 
formation after incubation at 37 '^C for 14 days for Af. avium 
infections or 21 days for M. tuberculosis infections. 

T-cell responses to mycobacterial antigens. Spleens from Af. avium- 
infected or mediastinal lymph nodes (MLN) from Af. tuberculosis- 
infected IL-IO"'' and WT mice were removed and single-cell 
suspensions were prepared. Erythrocytes were lysed in a hypotonic 
ammonium chloride lysis buffer and the remaining cells were washed, 
counted and suspended in complete RPMI media (RPMI 1640 
(Cytosystem, Sydney, Australia) with 10% foetal bovine serum (FCS) 
(Trace, Sydney, AusU^lia), 2 mM L-glutamine (Sigma), 10 mM HEPES 
(Sigma), 10 mM NazCOa, 0.5 »jlm 2-mercaptoethanol (Sigma). 100 U/ 
ml penicillin (Trace) and 100 M-g/ml streptomycin (CSL, Melbourne. 
Ausu^lia). To measure antigen-specific T-cell responses, splenocytes 
from Af . aviMm-infected cells were culttired in the presence of Af. avium 
sonicate (10 jxg/ml), and MLN cells from Af. tuberculosis-inftoXAd. mice 
with purified protein derivative (PPD) of Af, tuberculosis (Statens 
seruminstitut, Copenhagen, Denmark). Lymphocyte proliferation and 
cytokine assays for IFN-7 were perfonned as described previously [28, 
29]. For proliferative responses, the cells were pulsed with 1 \lC\ of ^H- 
thymidine (NEN Life Sciences. Boston, MA, USA) for the final 6 h of 
culture and then harvested onto glass fibre filters. The incorporated ^- 
thymidine was determined by liquid scintillation spectroscopy 
(Pharmacia/Wallace Oy, Turku, Fmland). Specific ^H-thymidine 
incorporation was calculated by subU"acting the mean counts per 
minute (cpm) in unstimulated wells fi-om the mean cpm of test samples. 
The concentration of IFN-7 in culture supemants was determined using 
a capture ELISA. In order to determine the firequency of IFN-7 
producing cells, spleen or MLN cells were cultured in Multiscreen 96- 
wcll filtration plates (MilHporc. Bedford MA, USA) for 16 h in the 
presence of the appropriate stimulus or medium alone and ELIspots 
developed as previously described [29]. 

Phenotypic analysis of pulmonaty and splenic infiltrates. Lung cell 
homogenates from IL-10"'" and WT mice following M. tuberculosis 
infection were prepared as previously described [3]. Spleen cell 
suspensions from IL-lO^'" and WT mice following Af. avium infection 
were prepared as for T-cell responses. The following monoclonal 
antibodies (MoAb) were used: CD4 (Crr-CD4; Caltag. San Francisco, 
OA. USA). CDS (CT-CD8; Caltag) and CD45R(B220)(RA3-6B2; 
Caltag). The staining of cells was performed as previously described 
[3] and analyzed on a FACScan (Becton Dickinson, San Jose. CA, USA). 

11-12 pivduction from adherent splenocytes. Spleens from uninfected 
WT and IL-10"'* mice were removed and single-cell suspensions were 
prepared. Erythrocytes were lysed in a hypotonic ammonium chloride 
lysis buffer and the remaining cells were washed, counted and 
suspended in complete RPMI medium without antibiotics. Cells were 
plated at 1 X 10^ cells per well in 24-well tissue culture plates and 
incubated for 16 h. The nonadherent cells were removed and adherent 
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macrophages were infected with either M. avium or Af. tuberculosis 
H37Rv (MOI 1:1). After 4 h the cells were washed to remove extra- 
cellular bacteria, and then cultured for 48 h at 37 at which time the 
supematants were frozen. The IL-12 production was measured using the 
OptEIA set mouse IL-12 (p70) capture EUSA (Pharmingen). 

Statistical analysis. Where appropriate the differences between WT 
and IL-IO"'" were tested for statistical significance by unpaired 
Student's Mests. Cfu values were subject to logio transformation before 
analysis. 



RESULTS 



IL'IO ^~ mice display increased resistance to M. avium 
infection 

To examine the effect of IL-10 deficiency on resistance to M. 
avium, WT and 1L-10~'" were infected intravenously with 
1 X 10^ cfu of M. avium and the course of infection was 
followed over time. IL-lO-deficient mice had significantly 
reduced bacterial loads in their lungs over the 12-week course of 
infection (Fig. lA) when compared to WT controls. In the liver, 
IL-10"'" and WT mice had similar bacterial loads at week 2 
postinfection, but by week 4 thare were significantly reduced 
bacterial numbers in the IL-10"'" mice. This reduction in 
bacterial load persisted over the course of the infection, such 
that at week 12 there were approximately lO-fold fewer bacteria 
in the livers of IL-10"*'" mice compared to WT controls. 



IL'IO"^' mice exhibit increased Thl-like T-cell responses to 
M, avium 

Phenotypic analysis of splenic lymphocytes following Af. avium 
infection showed similar numbers of CD4''" and CD8"^ T cells in 
both WT and IL-IO""'" following infection with M, avium (data not 
shown). To determine if the increased resistance of Il^lO"'" mice to 
infection was associated with a more robust Thl-like T-cell 
response, T-cell responses were examined over the course of M. 
avium infection in both WT and IL-10"'" mice. Splenocytes from 
Af. awiwm-infected IL-10"'" mice exhibited sax)nger proliferative 
responses when cultured in the presence of M, avium sonicate 
(Table 1). Furthermore, IL-10"'" mice had significantly more M, 
awum-specific IFN-7 producing T cells in their spleens over the 12- 
week course of the infection (Fig. 2A), and this resulted in increased 
IFN-7 release on M. avium stimulation (Fig. 2B). 



/L-/0 ^~ mice display transient increased resistance to M. 
tuberculosis infection 

To examine the effect of endogenous IL-10 on M. tuberculosis 
infection, WT and IL-10*"'" mice were exposed to an aerosol of 
M. tuberculosis H37Rv and the course of infection monitored 
over time. At 4 weeks postinfection there were significantly 
fewer mycobacteria in the lungs of IL-10*"'" mice compared to 
the WT controls (Fig. 3A). This increased resistance to infection 
was not maintained, so that by 8 weeks postinfection equivalent 
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Fig. 1. Inierleukin (IL)-lO-deficieni mice exhibit decreased bacterial 
loads following infection with M. avium. Wild-type (WT) (M) and IL- 
10"'' (□) mice were infected with 1 x 10^ M. avium iniravenuously 
and the numbers of viable bacteria present in both the lung (A) and liver 
(B) were determined over time. The data points represent the mean 
± SEM of the colony-forming units (cfu) from 5 WT and 5 IL-10"'' 
mice at each time-point from I of 2 representative experiments. 
Statistical differences were determined by unpaired Student's /-tests: ** 
P < 0.01. *** P < O.OOL 
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Table 1. Proliferative responses of splenocylcs in WT and IL-IO''~ 
mice following infection with M, avium 



Time 

postinfection 
(weeks) 


WTt 


IL-10"'-t 


2 


16089 (2100) 


28885 (2558)* 


4 


22714 (2987) 


49091 (2224)** 


8 


20639 (2112) 


51979 (2554)*** 


12 


14607 (1447) 


29499 (2960)*** 



tThe mean (± SEM) of specific ^H-thymidine incorporation from 
splenocytes from 5 WT and 5 IL-10 deficient animals at each time 
point. The significance of the differences between WT and IL-IO'^' 
mice at each time point were tested by Student's /-tests (*P < 0.05, 
< 0.01. ***P < 0.001). 

numbers of mycobacteria were recovered from the lungs of both 
IL-IO"'' and WT mice. In contrast, the spleens of BL-IO"'" 
mice contained significantly fewer mycobacteria at weeks 8 and 
12 postinfection compared to WT mice (Fig. 3B). 

IL-W^^' mice exhibit transiently increased T-cell responses to 
M. tuberculosis 

There were no differences in the pattern of recmitment of CE)4"^ 
and CDB"^ T cells, as well as B cells, to the lung following M. 
tuberculosis infection between WT and IL-IO"'" mice (data not 
shown). To determine if the transiently increased resistance to M. 
tuberculosis infection was associated with increased T-cell 
responses, the frequency of antigen-specific IFN-7-producing 
cells and production of IFN-7 in the mediastinal lymph nodes 
draining the lungs cells was examined. At 4 weeks postinfection, 
there were significantly more PPD-specific IEN-7-producing cells 
(Fig, 4A) in the mediastinal lymph nodes of IL-IO"'" mice when 
compared to WT controls and this was associated with a 
significantly increased IFN-7 release (Fig. 4B). This difference 
diminished over time, such that at 8 and 12 weeks postinfection 
equivalent T-cell responses were seen in WT and IL-10"'" mice. 



Increased production of IL-J2 in IL-10 splenocytes 
following M. avium infection 

The development of a Thl-like immune response is dependent 
on IL-12. and IL-10 may downregulate lL-12 production. 
Adherent macrophages from the spleens of WT and IL-10"'* 
mice were infected with M. avium and Af. tuberculosis and the 
release of IL-12 was measured 48 h postinfection. Both M. 
avium and Af. tuberculosis induced an IL-12 production in WT 
macrophages. Macrophages from IL-10"'" mice produced 
significantly more IL-12 following Af, avium infection, but 
not following M, tuberculosis, when compared to WT infected 
cells (Fig. 5). 
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Fig. 2. IL-10"'"miceexhibit increased Thl-like T-cell responses to Af. 
avium. Splenocytes from WT (solid bars) and IL-10~'' (open bars) 
were cultured in the presence of Af. avium sonicate or medium alone 
and the frequency of interferon (IFN)-'Y-producing cells (A) and bulk 
production of IFN-7 (B) were measured over the course of the infection. 
To determine the antigen-specific response, values from cells cultured 
with medium alone were subtracted from those cultured with Af, avium 
sonicate. The data points represent the mean ± SEM of 5 WT and 5 IL- 
10"'' mice at each time-point from 1 of 3 representative experiments. 
Statistical differences were determined by unpaired Student's Mests: * 
f<0.Q5, ***P< 0.001. 
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Time post-infection (weeks) 




Time post-infection (weeks) 

Fig. 3. IL-lO-deficicnt mice display transiently increased resistance to 
M. tuberculosis infection. WT (■) and IL-IO"'" (□) mice were infected 
with 100 cfu of M. tuberculosis aerosol and the numbers of viable 
bacteria present in both the lung (A) and spleen (B) were determined 
over time. The data points represent the mean ± SEM of the cfu from 5 
WT and 5 IL- 10"'' mice at each time point. Statistical differences were 
determined by unpaired Studem*s Mests: * P < 0.05. 
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Fig. 4, IL-lO-deficient mice exhibit transiently increased Thl-like T- 
cell responses following infection with M. tuberculosis. MLN from WT 
(solid bars) and IL-10"'" (open bars) were cultured in the presence of 
PPD or medium alone and the finequency of IFN-7-producing cells (A) 
and bulk production of IFN-7 (B) were measured over the course of 
infection. To determine the antigen-specific response, values from cells 
cultured with medium alone were subtracted from thosp cultured with 
PPD. The data points represent the mean ± SEM of 5 WT and 5 \h- 
lO"'"" mice at each time point. Statistical differences were detemnined 
by unpaired Student*s /-tests: * P < 0.05. 



DISCUSSION 

There were significant differences in the impact of lL-10 on 
infection with these two species of mycobacteria. In the case of 
M. avium infection, deficiency in the endogenous lL-10 
production resulted in a sustained increase in Thl-like T-cell 
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Fig. 5. Increased production of IL-12 in I1^10~'~ adherent splenocytes 
following infection with Af. avium. Adherent cells from uninfected 
spleens of WT (closed bars) and IL-10"'** (open bars) were infected 
with M. avium or M. tuberculosis (MOI 1 : 1) and 48 h postinfection 
the IL-12 concentration was determined by ELISA. The data points 
represent the mean ± SEM of triplicate wells. Statistical differences 
wcie determined by unpaired Student's /-tests: ♦♦*/>< Q.OOl. 

responses, as manifested by an increased frequency of antigen- 
specific IFN-7-secreting T cells, and increased resistance to 
infection in both the liver, the major site of M. avium growth 
after intravenous infection, and the lung. Macrophages from IL- 
10"'*" mice showed an increased IL-12 production and this may 
contribute to the induction and maintenance of an expanded 
pool of helper T cells to M. avium. By contrast, the effect of IL- 
10 deficiency upon aerosol infection of the lung with M, 
tuberculosis was less marked. There was a significant increase 
in the frequency of antigen-specific IFN-7-secreting T cells in 
mediastinal lymph nodes at 4 weeks when the infection peaks in 
the lung, and this was associated with a modest reduction of the 
bacterial burden at that time point. Thereafter there was no 
difierence in the lung, although the difference in bacterial load 
persisted in the spleen, a site of dissemination for M. 
tuberculosis i nfection . 

Members of the Af. avium complex are usually only 
significant human pathogens when CIX"*" T-cell immunity is 
markedly reduced [25], and there is considerable variation in the 
virulence of different M. avium isolates in mice. Infection with 
the M. avium strain tested here is restrained by IFN-7 responses 
for more than 6 months [27] and the infection only progresses 
late when the Af. avium specific CD4'*' T-cell population wanes 
through apoptosis [30]. The inhibitory effects of IL-IO on the 
development and expression of T-cell immunity were evident 
from 2 weeks of M. avium infection and increased until 
12 weeks. Previous studies with neutralizing anti-IL-10 anti- 
bodies revealed inhibitory effects of IL-10 on resistance to 
infection with two different strains of Af. avium [19, 20] 
although these studies did not determine whether the effect of 
lL-10 was caused by limiting the 004"^ Thl-like T-cell 
population or by macrophage deactivation. The increased 
antigen-specific IFN-7 T-cell responses cleariy contributed to 
the increased resistance to M, avium infection in the absence of 



endogenous IL-10 (Fig. 2). Neutralization of IL-lO enhanced 
immunity to other intracellular bacterial pathogens, as evi- 
denced by the increased clearance of Salmonella cholerausis 
[31] and Brucella abortus [32] infections in mice. In both cases 
there was evidence of increased IFN-7 responses in cells from 
infected tissues and increased expansion of yb T cells during the 
Salmonella infection. The downregulatory effect of IL-10 on 
Thl-like T-cell responses was demonstrated by the infection of 
DL-IO"'" mice with other intracellular pathogens. Both innate 
and acquired immunity to Listeria monocytogenes were 
increased in IL-lO"'" deficient mice [15]. During primary 
infection there was an increased production of pro-inflammatory 
cytokines and a more marked Thl polarization in 1L-10~'" mice 
compared to WT mice. Importantly, IL-10~'" mice were more 
resistant to secondary Listeria infection with maintenance of 
enhanced IFN-7 CIM"*" and CDS"^ T-cell responses. The 
clearance of Chlamydia trachomatis was also significantly 
accelerated in C57BL/6 IL-IO"'' mice compared to WT 
animals, and this was associated with stronger and more 
persistent IFN-7 production from helper T cells and stronger 
DTH responses [16]. These effects were reversed by the 
administration of the exogenous IL-10. Therefore, IL-10 inhibits 
the induction and expansion of Thl-like T-cell responses to a 
range of intracellular pathogens as well as Af. avium. This does 
not rule out IL-10 having additional inhibitory effects on IFN-7- 
mediated activation of macrophages and the significance of this 
may varying with infecting pathogen. 

DC are the critical antigen presenting cell (APC) for the 
induction of CIM*** T-cell immunity and are likely to be the site 
of action for endogenous inhibitory effects of IL-10 on the 
development of Thl-like T-cell responses. Infection of im- 
mature murine DC with BCG stimulates the early transcription 
of both IL-12 and IL-10 mRNA suggesting the balance of these 
two cytokines is important in the pattern of the ensuing CD4"*' 
T-cell response [33]. When DC from IL-10"'" mice were 
infected with BCG, there was a significant increase in IL-12 
production, and this was further increased by ligation of CD40 
on the IL-10"'" DC [34]. Inhibition of IL-10 signalling in vivo 
also biases the pattern of immune responses to a Thl-like 
phenotype. Treatment with antibodies against the IL-10 receptor 
during Immunization with ovalbumin (OVA) resulted in 
enhanced IFN-7-secreting Thl T-cell responses [35]. 

The removal of endogenous IL-10 had less effect on the 
progress of infection with more virulent Af. tuberculosis, 
particularly in the lung. Transiently increased resistance was 
associated with a significant increase in IFN-7-secreting T cells, 
however, this enhanced T-cell immunity was not sustained. In 
another study of Af. tuberculosis infection in IL-lO-deficient 
mice, there were no differences in pulmonary bacterial load at 
day 28 postinfection, however, T-cell responses to mycobacter- 
ial antigens were not measured [22]. One possible explanation 
for the difference between the Af. avium and Af, tuberculosis 
infection in the IL-10"'" mice is that the more virulent Af. 
tuberculosis infection may stimulate a wider range of host 
immunosuppressive mechanisms that may compensate for the 
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lack of endogenous IL-10. For example, M. tuberculosis 
infection stimulates the production of transforming growth 
factor-P (TGF-3) which is strongly expressed by alveolar 
macrophages [36]. The reduced T-<:ell responses to M, 
tuberculosis evident in human subjects with active tuberculosis 
are predominantly owing to the production of TGF-p [37] and 
this is likely to be active in the lungs of M tuberculosis-infccXGd 
mice. Furthermore, the balance between IL-12 and IL^IO in the 
induction of different patterns of CD4"^ T-cell responses may be 
influenced by multiple factors, including the route and the dose 
of exposure to the pathogen and the genetic background of the 
host. Different patterns of cellular infiltrate and cytokine 
production were observed in DL-IO"'" mice infected with 
Aspergillus fumigatus dependant on whether the initial sensiti- 
zation was by the intranasal or systemic route and on the 
background strain of the gene-deficient mice [38]. The 
engagement of different inhibitory mechanisms appeared able 
to compensate for the absence of the inhibitory effects of IL-10 
on the recruitment and activation of CD4"^ T cells to the lung. In 
the case of mycobacterial infection, the marked differences in 
the host response to M. avium and Af. tuberculosis infection both 
in vivo and in vitro in the absence of IL-10 suggests that this is 
owing to differences in the infecting mycobacterial species. 

Two out of three previous studies showed comparable 
enhanced resistance of IL-IO"'" mice early in infection with 
BCG [21, 23, 24]. At 2 weeks there was an increased clearance 
of BCG from the liver and spleen following intravenous or 
intraperitoneal infection. However, paradoxically different 
patterns of granuloma formation were observed, with intraper- 
itoneal infection leading to fewer granulomas in IL-10"'" mice 
[23] and intravenous BCG infection generating larger hepatic 
granulomas but enhanced clearance of bacteria [24]. The 
dominant effect of the removal of the IL-10 on BCG infection 
appeared to be an enhanced macrophage activation independent 
of the amount of IFN'-y produced [23]. This was supported by 
small but significant increases in NO and prostaglandin-E2 
production by activated peritoneal exudate cells from IL-10- 
deficient mice [24]. When transgenic mice that secreted IL-10 
from their T-cell compartment were infected with BCG, there 
was a direct inhibition of macrophage activation with no 
reduction in IFN-7 T-ceil responses, and this resulted in 
increased bacterial growth [39]. This supports the hypothesis 
that IL-10 influences mycobacterial infection through direct 
macrophage deactivating effects. Therefore, IL-10 can influence 
the resistance to intracellular pathogens both by inhibiting the 
development of IFN-7-secreting Thl-Iike CD4'*^ T-cell re- 
sponses and by direct effects on macrophages, either through 
blocking their IFN-'V-mediated activation, or by inhibiting the 
release of pro-inflammatory cytokines. Recently, a further 
mechanism for IL-10 s *anti-inflammatory' activity was re- 
vealed when IL-10 was found to de-link the signalling between 
chemokine and chemokine receptors within inflammatory 
tissues [40]. This resulted in the production of functional 
chemokine decoy receptors that were unable to elicit migration 
of DC. 



The importance of the immunoregulatory role of IL-10 may 
vary for the particular pathogen and the site of infection. The 
increased inflammatory response to the Toxoplasma gondii and 
Typanosoma cruzi infection resulted in marked cellular 
inflammation and death, rather than increased resistance to 
infection [17, 18]. Therefore, the value of inhibiting IL-10 
responses to increase the resistance to individual intracellular 
pathogens should be examined with each individual pathogen. 
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SUMMARY 

This study investigated the profiles of IFN-yand its regulatory cytokines (11^12, IL-18 and II^IO) in 
response to a purified protein derivative (PPD) antigen in peripheral blood mononuclear cells (PBMC) 
from 18 HIV-negative patients with multidrug-resistant tuberculosis (MDRTB), and compared them 
with those from 19 healthy tuberculin reactors (HTR). ELISA results showed that following stimula- 
tion with PPD, IFN-yproduction was significantly reduced, whereas production of both IL-18 and IL- 
10 was significantly elevated in MDRTB patients compared with HTR. Three out of 18 patients with 
MDRTB of greater than 4 years duration showed significantly elevated IL-12 p70 production, induced 
by in vitro PPD stimulation of their PBMC, when compared with data from HTR. However, when 
taken as a group, MDRTB patients were similar to HTR in their IL-12 p70-producing capacity. IL-12 
p70 protein paralleled IL-12 p40 protein expression. In addition, the production of IL-12 p40 was sig- 
nificantly correlated with IL-10 in all patients, but was not correlated with IFN-y. Neutralization of IL- 
10 increased IL-12 p40 about twofold, but did not significantly alter IFN-yinduction in MDRTB. IFN-y 
in MDRTB was highly correlated with lymphoproliferation and CD4 counts, but was not correlated 
with IL-12, IL-18 or IL-10 production. Our findings suggest that patients with MDRTB have dysregu- 
lated IL-12, IL-18 and IL-10 production during Mycobacterium tuberculosis infection, and the cytokine 
profiles are similar to those in patients with drug-sensitive advanced TB previously reported in the 
literature. In addition, IL-10 may not have a dominant role in defective IFN-7 production in patients 
with MDRTB. 

Keywords multidrug-resistant pulmonary tuberculosis interferon-gamma interlcukin-12 
interleukin-18 interleukin-10 PPD antigen 



INTRODUCTION 

Multidrug-resistant tuberculosis (MDRTB) is a significant clini- 
cal problem that is associated with high morbidity and mortality, 
and long-term survival for infected immunocompetent patients 
is reported to be about 70% [1]. The increased incidence of 
MDRTB is a significant public health and therapeutic problem 
that may quickly worsen as the HIV epidemic spreads. In addi- 
tion, it has been reported that outbreaks of MDRTB are a serious 
clinical problem among individuals who are HIV-negative [2). 

MDRTB is often accompanied by host immunosuppression; 
consequently, immune response enhancement may be a useful 
supplement to conventional MDRTB chemotherapy [3]. CD4' T 
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College of Medicine, Chungnam National University, 6 Munhwa-dong, 
Chung-ku, Taejon 301-131, S. Korea. 
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cells are involved in anti-raycobacterial activity [4], and interferon 
(IFN)-)' produced by CD4* T cells plays a critical role in protec- 
tive immunity [5-7]. In HIV-positive TB patients, the CD4 count 
is the sole independent predictor of survival [8]. In HIV-negative 
patients with MDRTB, CD4 lymphocytopenia appears to corre- 
late with the severity of disease and low lL-2/IFN-y production 
in response to Mycobacterium tuberculosis and purified protein 
derivatives (PPD) [9]. 

Although there is substantial evidence to support a role 
for cell-mediated immunity in the protective immune response 
against TB [10]. little is known about Thl regulatory cytokine 
production in MDRTB. Diverse cytokines, including intcrleukin 
(lL)-2, IL-12 and IL-18. are known to play important roles in anli- 
TB cell-mediated immunity. Two cytokines, IL-12 and IL-18, are 
currently regarded as the primary inducers of I FN-y production 
in inflammatory reactions (11,12). IL-12 is an inducible, 
heterodimeric, disulphidc-linked cytokine that is composed of 35- 
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and 40-kD subunits encoded by separate genes [13]. IL-12 is the 
most important cytokine for directing primary Thl differentiation 
in CD4* T cells in vitro and in vivo. Studies have shown that treat- 
ing mice with IL-12 at the time of TB infection results in increased 
resistance to infection, illustrating the importance of IL-12 for 
protective immunity against TB [14,15]. 

IL-18, initially described as an IFN-)^inducing factor [16], is a 
multi-functional cytokine that is produced by a wide variety of 
cells» including mononuclear phagocytes [17]. IL-18 acts together 
with IL-12 as an early signal in the development of Thl responses 
[11,18]. However, IL-18 alone does not induce IFN-r production 
by T lymphocytes [19]. The presence of secondary stimulants, par- 
ticularly 11^12 or microbial agents, is required for IL-18-induced 
IFN-y production [20]. Active pulmonary TB is associated with 
the enhanced production and activity of immunosuppressive mol- 
ecules, such as II^IO and transforming growth factor (TGF)-/?1 
[21]. II^IO and TGF-J51 have many overlapping biological 
effects, including T-cell suppression, macrophage deactivation, 
modulation of pro-inflammatory cytokines and interference with 
antigen-presenting cell function [22,23]. 

This study investigated the PPD-induced production of IL-12, 
IL-18 and IL-10 in peripheral blood mononuclear cells (PBMC) 
from patients with MDRTB. We found that IH8 and IL-10 
production was significantly up-regulated after PPD stimulation 
by PBMC from MDRTB patients, whereas IFN-y production was 
greatly reduced compared with production in human tuberculin 
reactors (HTR). In addition, PPD-induced IL-12 production was 
highly correlated with IL-10 production in MDRTB, but not with 
either IFN-y or IL-18 production. 



MATERIALS AND METHODS 

Subjects 

Patients and healthy volunteers consented to take part in this 
study. Whole blood was obtained by venipuncture from 18 HIV- 
negative patients with culture-proven MDRTB at the National 
Mokpo Ibberculosis Hospital (Mokpo, Chonnam, Korea). These 
patients were at various stages in their clinical course, and had 
different treatment durations; minimally, all patients showed 
resistance to rifampicin and isoniazid. A complete history was 
taken and a physical examination was performed on each patient 
by one of the investigators. All patients but one (C3) had 
remained infected for over 2 years, despite anti-tuberculosis drug 
therapy. The patients (four women and 14 men) ranged in age 
from 23 to 73 years, with a mean age of 41 -7 years (s.d. = 16). All 
were classified as having far advanced disease, with massive 
involvement and multiple cavities (total diameter greater than 
4 cm), when assessed by X-ray. The patient profiles are shown in 
Table 1. 

Nineteen HTR exhibited skin reactions of more than 15 mm 
after an intradermal test with 5 units of PPD-RT23 (Statens 
Seruminstitut, Copenhagen, Denmark), within 1-3 years of their 
PPD skin test examination, and had no previous history of clini- 
cal TB. Each of these healthy controls had received Mycobac- 
terium bovis Badlle bili6 de Calmette-Guerin (BCG) vaccinations 
as children. 

Antigen and antibodies 

Tuberculin PPD for in vitro assay was purchased from the Statens 
Seruminstitut and was used at a final concentration of 1-0/ig^ml. 



Table 1. Profile of the study group 



Number 


Sex/ Age 


Culture severity 


BMI* 


IDt (years) 


TD$ (months) 


CC1 


1M§ 


CXR** 


CI 


M/59 


1+ 


20-9 


13-5 


82 


P 


P 


FA 


C2 


M/46 


1+ 


22-9 


19-0 


36 


N 


P 


FA 


C3 


M/47 


2+ 


18 0 (M) 


1-8 


22 


P 


N 


FA 


C4 


M/25 


1 + 


14-5 (M) 


30 


23 


N 


P 


FA 


C5 


M/41 


3+ 


18-4 (M) 


70 


43 


N 


P 


FA 


C7 


M/48 


1+ 


15 0 (M) 


3-6 


43 


P 


N 


FA 


C8 


M/29 


1 + 


21-8 


13-0 


38 


N 


P 


FA 


C9 


F/35 


1 + 


22-7 


40 


31 


N 


P 


FA 


CIO 


F/23 


1 + 


18-6 (M) 


3-5 


31 


N 


P 


FA 


Cll 


M/31 


3+ 


210 


6-5 


78 


P 


N 


FA 


012 


F/23 


3+ 


19-6 (M) 


6-0 


46 


N 


P 


FA 


C13 


M/66 


3+ 


17-2 (M) 


4-1 


49 


P 


N 


FA 


C14 


My28 


4+ 


170 (M) 


5-0 


34 


N 


P 


FA 


€15 


M/73 


2+ 


18-6 (M) 


21-0 


89 


N 


P 


FA 


C17 


M/31 


3+ 


23-9 


4-5 


54 


P 


N 


FA 


C18 


M/39 


1+ 


19-7 (M) 


4*1 


49 


P 


N 


FA 


CI 9 


F/34 


1+ 


220 


5-0 


32 


N 


P 


FA 


C20 


M/72 


3+ 


170 (M) 


60 


52 


P 


P 


FA 



♦Body mass index (BMI), body weight/height (m)-; M < 20 0. malnutrition, 

tDuraiion of infection (years), periods with positive cultures. 

^Duration of ireatmenl (months). 

^History of complete cure; P, positive; N, negative. 

finicrmiitcnt medication; P, positive; N, negative, 

•♦Severity by chest X-ray; FA, far advanced. 
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Endotoxin content was measured by Limulus amoebocyte lysate 
assay and was below l-5pg/ml in PPD antigen. Neutralizing 
rat anti-human lL-10 antibodies were purchased from R&D 
Systems (MinneapoUs. MN, USA). For flow cytometric analysis, 
fluorescein isothiocyanate (FITC)-Iabelled anti-CI>4 and phyco- 
crythrin (PE)-labcllcd anti-CD8 were purchased from Phar- 
Mingen (San Diego, CA, USA). 

Preparation and stimulation of peripheral blood 
mononuclear cells 

Venous blood was drawn from subjects into sterile blood collec- 
tion tubes, and PBMC were isolated by density sedimentation 
over Histopaque-1077 (Sigma, St. Louis, MO, USA). FACS analy- 
sis of the PBMC fraction was then performed, and a CD4 count 
was calculated based on a concomitant complete blood count. 
Additionally, PBMC were suspended at a density of 1 x 10* viable 
cells/ml in complete medium [RPMI 1640 (GiBCO-BRL, 
Gaithersburg, MD, USA) with 10% fetal bovine serum (GlBCO- 
BRL), sodium pyruvate, non-essential amino acids, penicillin 
G (lOOIU/ml) and streptomycin (lOO/ig/ml)]. Cells were then 
stimulated with PPD antigen (l O^g/ml), phytohaemagglutinin 
(PHA, lO/ig/ml; Sigma) or lipopolysaccharide (LPS, 01/ig/ml; 
Sigma), and incubated at 37°C in a 5% CO2 humidified air atmos- 
phere until used for either RNA isolation or supernatant fluid 
collection. 

Flow cytometry 

Cell suspensions were stained for analysis by flow cytometry in 
V-bottomed tubes (3 x 10* cells per test). Flow cytometry data 
were collected using a FACSCalibur machine (Becton Dickinson, 
Oxnard, CA, USA) and analysed with CELL QUEST software 
(Becton Dickinson). 

Lymphocyte proliferation assay 

PBMC (2-5 X 10^ per well) were placed in each well of a round- 
bottomed microtitre tissue culture plate (Falcon Products, Becton 
Dickinson). The blastogenic response was measured at various 
PPD antigen concentrations for 5 days at 37®e in a 5% COj 
humidified air atmosphere. Based on dose-response studies, the 
optimum concentration of PPD antigen in the final culture was 
10/ig/ml (data not shown). PHA was used at a concentration of 
lO^g/ml as a positive control for cell reactivity. Cells were incu- 
bated for 5 days at 3TC in a 5% CO2 humidified air atmosphere. 
PHA-stimulated cultures were incubated for 3 days, and 2/iCipH] 
of thymidine (Amersham, UK) were added for the final 18 h. 
Cells were harvested on fibreglass paper using a cell harvester 
(Cambridge Technology, Watertown, MA, USA), and the incor- 
porated radioactivity was measured in a liquid scintillation 
counter (Beckman, Somerset, NJ, USA). The results were 
expressed as the mean counts per min ± the standard error (s.e.) 
of triplicate cultures for each donor. The stimulation index (SI) 
was calculated using this value and the counts per mine obtained 
in unstimulated cultures. 

Enzyme-linked immimosorbent assay for JFN-y, IL'22, IL-18 
and IL'W 

Supernatant fluids were collected from cultures of PBMC stimu- 
lated with PPD antigen at 16 (for IL-12 and IL-IS), 48 (for IL-10) 
and 96 (for lFN-y)h. and were then frozen at -80°C The frozen 
supernatant fluids were thawed at room temperature, and 
cytokine levels were measured with commercial assay kits for 

0 2(X] 



IFN-7, IL-12 p70, IL-12 p40, IL-10 (PharMingen) and IL-18 (R 
& D Systems), according to the manufacturers' instructions 
Cytokine concentrations in the samples were calculated with 
standard curves generated from recombinant cytokines, and the 
results were expressed in picograms per millilitre. The difference 
between duplicate wells was consistently less than 100% of the 
mean. 

Statistical methods 

The results are presented as the mean ± s-d. Statistical significance 
was calculated using either Student's r-test or linear regression 
analysis. 

RESULTS 

CD4'positive T-cell counts, PPD -stimulated 
lymphoproliferative responses and I FN-y production inpatients 
with MDRTB compared with HTR 

CD4+ T cell counts and lymphoproliferative responses. As 
shown in Fig. 1(a), the CD4* T-cell counts of MDRTB patients 
were significantly lower than those of HTR (mean 1409-9 ± 10381 
versus 2044-9 ± 695-3 p\'\ P < 0-05). In addition, the lymphopro- 
liferative responses to PPD antigen were significantly lower in 
PPD-stimulated PBMC from MDRTB patients than in cells from 
HTR (mean 4118-1 ± 4658-8 versus 18601-7 ± 8315-5, P < 0-001; 
Fig. lb). A majority of the MDRTB patients did not recognize (SI 
< 4-0) either of the antigens (12 of 18 [64-7%]). All of the non- 
reactors showed either no stimulation (n = 7; SI < 2 0), or only a 
marginal increase (/i = 5; SI = 2-0-4-0) in the lymphocyte response 
to PPD. Furthermore, three MDRTB patients with CD4* T-cell 
counts below 500 ^d"' had no stimulation (SI < 2 0) of lympho- 
proliferative responses to PPD. 

In HTR, the background CPM incorporated was 920-1 ± 
350-5, and positive responses ranged from 3459 0 to 38986-0. To 
assess the proliferative response under maximal conditions, 
PBMC were stimulated with the polyclonal mitogen PHA. Stim- 
ulation of PBMC with PHA resulted in greater lymphoprolifera- 
tion (50 000-2(K)000) than PPD in both groups tested (data not 
shown). 

IFN-y. Individual data on IFN-y production by PBMC were 
obtained following 96 h stimulation with PPD (Fig. Ic). The mean 
IFN-7 concentrations of MDRTB patients were significantly 
lower than corresponding values in HTR (mean 4031 ± 352-1 
versus 1877-2 ± 745-6 pg/ml, P < 0-001). Production of IFN-y in 
all patients was significantly correlated with CD4* T-cell counts 
(n = 18. r = 0-85, P < 0 001; Fig. Id). Furthermore, PPD-induced 
IFN-y production was significantly correlated with lymphopro- 
liferative responses in MDRTB patients (n = 18, r = 0-68, P < 0 01 ; 
Fig. Id). 

Stimulation of PBMC with PHA resulted in the secretion of 
IFN-7 (3000-15 000 pg/ml), and the mean IFN- 7 production in 
response to PHA was similar to HTR (data not shown), indicat- 
ing that there is no absolute qualitative defect in IFN-y produc- 
tion in these patients. 

/L-75 and IL-IO production after in vitro PPD stimulation in 
patients with MDRTB compared with HTR 

IL-18. PBMC from MDRTB and HTR produced compara- 
ble concentrations of IL-18, as determined by ELISA. As shown 
in Fig. 2(a), the mean concentration of IL-18 in PBMC from 
MDRTB patients was significantly increased after an 18 h PPD 

Black well Science Ltd, Clinical and Experimental Immimology, 128:516-524 
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Fig.1. Lymphoprolifcrativc responses, CD4 counts and IFN-yproduction in PBMC from patients with MDRTB and HTR in response to 
the PPD antigen of Mycobacterium tuberculosis, (a) PBMC were isolated and FACS analysis performed. CD4 count was calculated based 
on a concomitant complete blood count, (b) PBMC were stimulated for 5 days with the PPD antigen of M. tubemdosis at a concentration 
of 10/ig/ml. Proliferative responses were assessed as pH]-thymidine incorporation in PBMC from healthy controls and TB patients. In- 
corporation of pH]-thymidinc occurred during the last 18 h of a 5 day culture; unstimulated PBMC served as controls, (c) PBMC were 
stimulated for 96 h with PPD antigen at a concentration of 1-0/ig/ml. Supernatant fluids were prepared following a 96 h stimulation with 
PPD, and 1 FN- y production was measured using ELIS A. Values are the mean ± s.d. of triplicate supernatant samples. *P < 0 05; **P < 0-01 ; 

< 0 001 (Student's Mest). Significant correlations were found between (d) IFN-y and CD4 counts {n = 18. r = 0-85, P < OUOl), and 
(e) between IFN-yand lyraphoproliferative responses in TB patients (n = 18, r = 0-68, P < 0-01). 



stimulation compared with those from HTR (mean 405-4 ± 252-6 
versus 159-9 ± 63-lpg/mI, P < 001) (Fig. 2a). We found that 
unstimulated PBMC also produced comparative values of IL-18 
(121-8 ± 66-7 pg/ml). Therefore. IL-18 producUon in HTR was not 
shown to be up-regulated following 1 8 h of PPD stimulation com- 
pared with other stimuli, such as adherence alone. An insignifi- 
cant correlation between IL-18 production and IFN-y production 
was observed in culture supernatant fluids from MDRTB patients 
(rt = 18, r = -0 06, P > 0 05; Fig, 2c). Stimulation of PBMC with 
LPS resulted in the secretion of IL-18 (1 000-2000 pg/ml). LPS 



induced similar IL-18 titres in the healthy controls and TB 
patients (data not shown). 

IL'20. Although there was a substantial heterogeneity in the 
production of IL-10 in PBMC from MDRTB patients, PBMC 
from MDRTB patients produced significantly more IL-10 after 
stimulation with PPD, compared with HTR (mean 5881 ± 509-2 
versus 305-4 ± 244-7 pg/ml, P < 0 05) (Fig. 2b). An insignificant cor- 
relation was observed between IL-18 and IFN-y production in 
culture supernatant fluids from MDRTB patients (n = 18, r = 0-34, 
P > 0 05; Fig. 2d). Stimulation of PBMC with LPS preferentially 
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induced the secretion of IL-10 (500-1000 pg/ml). LPS induced 
similar IL-10 litres in HTR and patients (data not shown). 

lL-12 production after in vitro stimulation with PPD in 
patients with MDRTB 

We were interested in determining whether MDRTB patients had 
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a lower endogenous IL-12 production that was correlated with 
their deficient IFN-y response. As shown in Fig. 3(a), there was 
no statistically significant difference between the MDRTB 
patients and the HTR group, although the mean IL-12 p40 
production was higher in MDRTB than in HTR (mean 1886-9 
± 2123-2 versus 603-3 ± 511-7 pg/ml, P > 0 05), 

In addition, we measured the release of IL-12 p70, which is 
a more reliable indicator of biologically active IL-12 produc- 
tion (Fig. 3b). Although excess IL-12 p70 protein (from 20-0 to 
110 0 pg/ml) was detected in some donors with IL-12 p40 protein 
levels exceeding lOOOpg/ml, the PPD-induced IL-12 p70 levels 
were very low. The PPD-stimulated PBMC from MDRTB 
patients did not show any significant difference compared 
with those from HTR (mean 19-4 ± 314 versus 4-7 ± 6-3 pg/ml. 
/>>0-05). 

In addition, IL-12 p70 release was significantly correlated with 
the release of IL-12 p40 (« = 15, r = 0-83. P < 0 001; data not 
shown). Unstimulated PBMC showed no detectable levels of 
either IL-12 p40 (<1 00-0 pg/ml) or IL-12 p70 (<0-2 pg/ml, data not 
shown). Stimulation of PBMC with LPS resulted in the secretion 
of IL-12 p40 (1200-2500pg/ml). LPS induced similar 11^12 titres 
in MDRTB and HTR (data not shown). 

Although we did not observe a significant correlation between 
IL-12 p40 and IFN-yproduction in culture supernatant fluids from 
MDRTB patients (/i = 18, r = 0-24, P > 0 05; Fig. 3d), there was a 

significant correlation between IL-12 p40 and IL-10 production 

HTR MDR = 18, r = 0-94, P < 0 001; Fig. 3c). This relationship was also 

observed in HTR (n = 9, r = 0-75, P < 0-001; data not shown). 

Some MDRTB patients exhibited IL-12 p40 production more 
than two s.d. above the mean IL-12 p40 concentration in HTR 
(>1626-8 pg/ml; = 4; mean 3406-3 ± 2030-6 pg/ml). Although 
there were no significant differences between these patients and 
• others (age, nutrition, chest X-ray findings, IFN-ylevels and CD4 

counts), these patients had a history of infection of less than 4 
years. Patients with lower IL-12 had a longer history of infection 
(>10years; n - 4). 

• Effect of neutralization of endogenous IL-IO on PPD-induced 

!L'12 p40 and IFN-yproduction 
• Next, we assessed the effect of endogenous IL-10 neutralization 

on PPD-induced IL-12 p40 and IFN-yproduction. PBMC from 
MDRTB patients were cultured in complete RPMI, with or 
without PPD (1 /ig/ml), in the presence or absence of neutraliz- 
ing antibodies to IL-10 (2 /ig/ml). In preliminary experiments, the 
amounts of neutralizing antibodies were found to abrogate the 
bioactivity of 300 pg of IL-10 per ml. Culture supernatant fluids 
were collected at 18 and 96 h and assayed for IL-12 p40 and 
IFN-yimmunoreactivity. PPD-induced IL-12 p40 levels doubled 
in cultures containing neutralizing antibody to IL-10 in HTR 
and MDRTB patients, as shown in Fig. 4 (P < 0-001. HTR; 



Fig. 2. IL-I8 and IL-10 production in PBMC from patients with MDRTB 
in response to the PPD antigen of M. tuberculosis, (a) IL-18 and (b) IL- 
10 production in PBMC were determined after in vitro stimulation with 
PPD. Supernatant fluids were prepared following a 96 h stimulation with 
PPD, and cytokine production was measured using ELISA. Values arc 
the mean ± s.d. of triplicate supernatant samples. < 0-05; **P < 0-01; 

< 0 001 (Student's /-test). No significant correlations were found 
(c) between IFN-yand IL-IS (/i = 18, r = -0-06, P > 005). or (d) between 
IFN-yand IL-10 production in TB patients (n = 18, r = 0-34, P > 0-05). 
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Fig. 3. IL-12 production in PBMC from patients with MDRTB in response to the PPD antigen of M. tuberculosis, IL-12 p40 and p70 pro- 
duction in PBMC were determined after in vitro stimulation with PPD antigen. Supernatant fluids were prepared after 18 h and cytokine 
concentrations were measured using ELISA. Values arc the mean ± s.d, of triplicate supernatant samples, (a) IL-12 p40 production in 
MDRTB patients, (b) IL-12 p70 production in MDRTB patients. A significant correlation was found between (c) IL-12 p4a and IL-10 
(n = 18, r = 0-94, P < 0 001). whereas no significant correlation was found between (d) IFN-yand IL-12 p40 production in TB patients 
(« = 18,r = 0-24, P>0 05). 



P < 001, MDRTB). In addition, co-culture with neutralizing 
antibody to lL-10 led to a significant increase in IFN-/production 
in HTR (1-6-fold, P < 0 05; Fig. 4). However, there was no 
significant increase in IFN-y production after co-culture with 
neutralizing antibody to IL-10 in MDRTB patients (1'2-fold, 
P> 0-05; Fig, 4). 

DISCUSSION 

Our previous work and several other studies showed that PBMC 
proliferation and IFN-y production in PBMC were reduced in 
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patients with active TB and advanced disease [24-27]. In addition, 
M. tuberculosi5-s\\mM\diXtd I FN- /production by patients with pul- 
monary TB was found to deteriorate as their disease worsened 
[27,28]. Our study found that HIV-negative MDRTB patients, 
who had been infected for at least 2 years, also exhibited 
depressed IFN-y production after mycobacterial antigen stimula- 
tion. Our findings support earlier indications that HIV-negative 
MDRTB patients with CD4 counts below 500 per have 
markedly decreased lymphoproliferation and IFN- /production in 
response to PPD or M. tuberculosis [9]. One possibility is that the 
diminished IFN-y responses in MDRTB patients are due to the 
loss of M. tubercuhsis-reaciWc T cells through apoptotic mecha- 
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Fig. 4, Effect of endogenous IL-10 on PPD -induced IL-12 p40 and IFN-y 
production by PBMC PBMC from HTR (n = 10) and MDRTB patients 
{n-9) were cultured with or without neutralizing antibody to IL-10 (2^1). 
PPD (1 /ig/ml) was added to all cultures. The immunoreactivity for IL-12 
p40 and IFN-ywas assessed in culture supernatant fluids at 18 and 96 h, 
respectively. The percent increase in IFN-y and IL-12 p40 immunore- 
activity compared with those of PPD alone (100%) is shown. (D) PPD 
only; (P) a-IL-10 (HTR); (■) a-IL-10 (MDRTB). 



nisms [29]. A previous study of M. tuberculosis-mdxxQ^^ apopto- 
sis in active pulmonary TB patients showed a reduction in the rate 
of cell apoptosis and increased IFN-y production after successful 
anti-tuberculosis chemotherapy [29]. Thus, apoptotic pathways 
may contribute to T-cell hyporesponsiveness through prolonged 
deletion of mycobacterial antigen-sensitive T cells in these 
chronic TB patients with treatment failure. 

Protective immunity against M. tuberculosis requires both 
activated mononuclear phagocytes and T cells. IL-12 may provide 
a crucial Jink between these two cell populations by regulating 
IFN-y production and the cytotoxic effector function of mycobac- 
terial antigen-specific T cells [30]. Our previous data demon- 
strated that depressed IL-12 and IFN-y production recovered in 
active pulmonary TB patients after anti-tuberculosis therapy [24]. 
We investigated whether IL-12 depression is associated with the 
reduced IFN-y production seen in MDRTB patients. However, 
the patients in this study showed extremely variable patterns of 
IL-12 production, and no significant correlation was observed 
between IFN-y and IL-12. Although we could not observe 
any overall correlation between IL-12 and various clinical 
factors (age, nutrition, chest X-ray findings, IFN-y levels and 
CD4 counts), the patient group with higher IL-12 levels (p40, 
>1630pg/ml; n = A) had a shorter history of infection (<4 years), 
whereas others with lower IL-12 levels (p40, <300pg/ml; /7 = 4) 
had a longer history (>10 years). 

A recent study of TB patients with differing pulmonary 
involvement revealed that IL-12 synthesis was only augmented in 
advanced TB cases, who also displayed lower IFN-y production, 
when compared with moderate cases and HTR [28]. Since all the 
patients in our study were classified as very advanced disease as 
assessed by X-ray, the results indicate that patients with advanced 
disease have augmented IL-12 levels. In addition, our data 
increase the knowledge of IL-12 depression in chronic TB 
patients with long-standing infection. Long-term follow-up of the 
patients will clarify the picture of IL-12 secretion and its role in 
the pathogenesis of chronic progressive TB. 
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The heterogenous IL-12 profile seen in MDRTB patients does 
not appear to be directly involved in the individual variation 
in IL-12 producing cells. The number of monocyte-derived 
macrophages, the main source of IL-12, was normal in most of 
these patients, and they showed similar IL-12 production in 
response to LPS when compared with HTR (data not shown). 
However, we could not examine whether monocyte-derived or 
CD83(+) blood dendritic cells were normal. Further experiments 
on dendritic cells in MDRTB patients should clearly demonstrate 
whether the very depressed IL-12 secretion in some patients is 
mediated by depressed dendritic cell function. 

Our findings of augmented IL-12 levels in MDRTB patients 
with disease for less than 3 years may be due to restored IFN-y 
production. A previous report suggests that reduced IFN-y 
production by PBMC in TB patients is correlated with poor 
IL-12R^1 and IL-12Rj32 expression [31]. In addition, there are 
reports of the significance of IL-12R^ in leprosy patients. IL- 
12Rj32 was more strongly expressed in lesions firom tuberculoid 
patients (the resistant form of leprosy) than in those from lepro- 
matous patients (the susceptible form of leprosy), whose cells do 
not respond to IL-12 [32]. Previous studies and our data led us to 
hypothesize that depressed IL-12R production may lead to IL-12 
hyporesponsiveness in the CD4* T cells of these patients. 

Since IL-12 production was significantly correlated with IL- 
10 levels, we examined whether a concomitant increase in IL-10 
plays a role in the down-regulation of IFN-y production. Inter- 
estingly, IFN-y was not significantly increased in MDRTB 
patients, in spite of IL-12 p40 increases after endogenous Il^lO 
neutralization. Several studies have reported increased IL-10 pro- 
duction in active pulmonary TB patients [24,26]. Recent data 
showed that TGF-^ and IL-10 together potentiate the modula- 
tory effect on A/. tubercuLosisAjiAuQ^ T-cell production of IFN- 
y, and TGF-^1 alone enhances IL-10 production. At sites of active 
M. tuberculosis infection, these interactions might be conducive 
to the suppression of mononuclear cell function [33]. We did not 
test the effect of adding anti-TGF/?l or anti-IL-4 to cultures to 
determine whether IFN-y or IL-12 was increased in MDRTB 
patients. Studies in TGF-J51 indicate that expression of both 
11^12 p40 and p35 is suppressed by TGF-/J1, and that TGF- 
p\ interferes with the bioactivity of IL-12 in enhancing M, 
tuberculosis-mdMC&di IFN-y production [34]. Thus, we cannot rule 
out a TGF-^1 effect on IFN-y reduction in MDRTB patients. 

Earlier studies in patients with MDRTB have revealed 
impaired Thl responses; however, little is known about IL-18 pro- 
duction. We found that both IL-18 and IL-10 production were sig- 
nificantly elevated in MDRTB after stimulation with PPD, and 
these elevations were not correlated with IFN-y production. IL- 
18 is a pro-inflammatory cytokine, initially isolated from liver cells 
[17,35], that has a pleiotropic function which participates in the 
induction of IFN-yand other cytokines [11]. In animals, IL-18 con- 
tributes to protective immunity against a variety of pathogens, 
including Cryptococcus, Leishmania, Salnwnella and M. tubercu- 
losis [20,36-39]. In humans, the role of IL-18 is controversial. IL- 
18 production in response to mycobacterial antigens correlates 
strongly with IFN-y production and with protective immunity to 
mycobacteria [40,41]. However, PBMC from active pulmonary 
TB patients showed significantly enhanced IL-18 proteins after 
96 h of stimulation [24], suggesting a pro-inflammatory role in TB, 
Furthermore, circulating IL-18 correlated with the extent of 
disease in pulmonary TB; it was significantly higher in far 
advanced pulmonary TB than in patients with minimal TB 
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or HTR [42]. We found that MDRTB patients with advanced 
disease have increased levels of IL-18, suggesting its role in 
immunopathogenesis. 

In conclusion, these data demonstrate that MDRTB patients 
showed significantly decreased IFN-y production compared with 
HTR, although their IL-18 and IL-10 levels were higher after 
stimulation with PPD antigen. Furthermore, the IL-12 response 
to PPD was correlated with IL-10 production, but not with IFN- 
7 production. These results suggest that production of 11^12, IL- 
18 and IL-10 may be dysregulated in MDRTB patients, and 
further characterization of the cytokine modulation may provide 
clarification of the possible application of adjunctive immuno- 
therapy to the treatment of MDRTB. 

ACKNOWLEDGEMENTS 

This work was supported by Grant R04-2000-00029 from the Korea 
Research Foundation for the 2000 programme year. 

REFERENCES 

1 Goble M, Iseman MD, Madsen LA, Waite D, Ackerson L, Horsburgh 
CR Jr. Treatment of 171 patients with pulmonary tuberculosis resis- 
tant to isoniazid and rifampin. N Engl J Med 1993; 328:527-32. 

2 Ravigllone MC, Snider DE Jr, Kochi A. Global epidemiology of tuber- 
culosia Morbidity and mortality of a worldwide epidemic. JAMA 199S; 
273:220-6. 

3 Tsuyuguchi I. Immunotherapy for MDR-TB (multi-drug resistant 
tuberculosis) - its feasibility. Kekkaku 1999; 74:479-91. 

4 Barnes PF, Modlin RL. ElUier JJ. T-cell responses and cytokines. In: 
Bloom, BR, cd. l\iberculosis: pathogenesis, protection, and control. 
Washington DC: ASM Press, 1994:418-23. 

5 Orme IM, Roberts AD, Griffin JP, Abrams JS. Cytokine secretion by 
CD4 T lymphocytes acquired in response to Mycobacterium tuber- 
cidosis infection. J Immunol 1993; 151:518-25. 

6 Cooper AM, Dalton DK, Stewart TA, Griffin JP, Russell DG, Orme 
IM. Disseminated tuberculosis in interferon gamma gene-disrupted 
mice. J Exp Med 1993; 178:2243-7. 

7 Flynn JL, Chan J, Triebold KJ, Dalton DK, Stewart TA, Bloom BR, 
An essentia] role for interferon gamma in resistance to Mycobacterium 
tuberculosis infection. J Exp Med 1993; 178:2249-54. 

8 Shafer RW, Bloch AB, Larkin C et ai Predictors of survival in HIV- 
infected tuberculosis patients. AIDS 1996; 10:269-72. 

9 McDyer JF, Hackley MN, Walsh TE, Cook JL, Seder RA. Patients with 
multidrug-resistant tuberculosis with low CD4+ T cell counts have 
impaired Thl responses. J Immunol 1997; 158:492-500. 

10 Modlin RL, Barnes PF. IL-12 and the human response to myco- 
bacteria. Res Immunol 1995; 146:526-31. 

11 Dinarello CA. Novick D. Puren AJ et al. Overview of interleukin-18: 
more than an interferon-gamma inducing factor. J Leukoc Biol 1998; 
63:658-64. 

12 Trinchicri G, Gerosa F. Immunorcgulation by interleukin-12. J Leukoc 
Biol 1996:59:505-11. 

13 Wolf SF. Temple PA, Kobayashi M et al. Cloning of cDNA for natural 
killer cell stimulatory factor, a heterodimeric cytokine with multiple 
biologic effects on T and natural killer cells. J Immunol 1991; 
146:3074-81. 

14 Cooper AM, Roberts AD, Rhoades ER, Callahan JE, Gctzy DM, 
Orme IM. The role of interleukin-12 in acquired immunity to 
Mycobacterium tuberculosis infection. Immunology 1995; 84:423-32. 

15 Flynn JL, Goldstein MM. Triebold KJ, Sypek J, Wolf S, Bloom BR. IL- 
12 increases resistance of BALB/c mice to Mycobacteriiun tuberculosis 
infection. J Immunol 1995; 155:2515-24. 

16 Nakamura K, Okamura H, Wada K, Nagata K, Komatsu T, Tamura T. 



Endotoxin-induced serum factor that stimulates gamma interferon 
production. Infect Immun 1989; 38:590-5. 

17 Klein SA, Ottmann OG, Ballas K et al. Quantification of human 
interleukin 18 mRNA expression by competitive reverse transcriptase 
polymerase chain reaction. Cytokine 1999; 11:451-8. 

18 Kohno K, Kataoka J, Ohtsuki T et ai IFN-gamma-inducing factor 
(I GIF) is a costimulatory factor on the activation of Thl but not Th2 
cells and exerts its effect independently of IL-12. J Immunol 1997; 
158:1541-50. 

19 Okamura H, Tsutsi H, Komatsu T et ai Cloning of a new cytokine that 
induces IFN-gamma production by T cells. Nature 1995; 378:88-91. 

20 Yoshimoto T, Takeda K, Tanaka T et ai IL-12 up-regulates IL-18 
receptor expression on T cells, Thl cells, and B cells: synergism with 
IL-18 for IFN-gamma production. J Immunol 1998; 161:3400-7. 

21 Ellner JJ. Review: the immune response in human tuberculosis- 
implications for tuberculosis control. J Infect Dis 1997; 176:1351-9. 

22 de Waal Malefyt R, Yssel H, Roncarolo MG, Spits H, de Vries JE. 
Interleukin-10. Curr Opin Immunol 1992; 4:314-20. 

23 Wahl SM. TVansforming growth factor beta (TGF-beta) in inflamma- 
tion, a cause and a cure. J Qin Immunol 1992; 12:61-74, 

24 Song CH. Kim HJ, Park JK et ai Depressed IL-12, but not 11^18 
production in response to a 30- and 32-kDa mycobacterial antigen 
in patients with active pulmonary tuberculosis. Infect Immun 2000; 
68:4477-84. 

25 Jo EK. Kim HJ, Um JH et al. Dysregulated production of interferon- 
gamma, interleukin-4 and interleukin-6 in early tuberculosis patients 
in response to antigen 8SB of Mycobacterium tuberculosis. Scand J 
Immunol 2000; 51:209-17. 

26 Torres M, Herrera T, Villarcal H. Rich EA, Sada E. Cytokine profiles 
for peripheral blood lymphocytes from patients with active pulmonary 
tuberculosis and healthy household contacts in response to the 30- 
kilodalton antigen of Mycobacterium, tuberculosis. Infect Immun 1998; 
66:176-80. 

27 Dlugovitzky D, Bay ML, Raleni L et al. In vitro synthesis of inter- 
feron-gamma, inierleukin-4. transforming growth factor-beta and 
interleukin-1 beta by peripheral blood mononuclear cells from 
tuberculosis patients: relationship with the severity of pulmonary 
involvement. Scand J Immunol 1999; 49:210-7. 

28 Dlugovitzky D, Bay ML, Rateni L et ai Influence of disease severity 
on nitrite and cytokine production by peripheral blood mononuclear 
cells (PBMC) from patients with pulmonary tuberculosis (TB). Clin 
Exp Immunol 2000; 122:343-9. 

29 Hirsch CS, Toossi Z, Vanham G et al Apoptosis and T cell 
hyporesponsiveness in pulmonary tuberculosis. J Infect Dis 1999; 
179:945-53. 

30 Trinchicri G. Interleukin-12. a cytokine produced by antigen- 
presenting cells with immunoregulatory functions in the generation 
of T-helper cells type 1 and cytotoxic lymphocytes. Blood 1994; 
84:4008-27. 

31 Zhang M, Gong J, Presky DH, Xuc W, Barnes PF. Expression of the 
IL-12 receptor beta t and beta 2 subunits in human tuberculosis J 
Immunol 1999; 162:2441-7. 

32 Kim J. Uyemura K. Van Dyke MK, Legaspi AJ. Rea TH, Shuai K, 
Modlin RL. A role for IL-12 receptor expression and signal transduc- 
tion in host defense in leprosy J Immunol 2001; 167:779-86. 

33 Othieno C, Hirsch CS, Hamilton BD, Wilkinson K, Ellner JJ, Toossi 
2^ Interaction of Mycobacterium tuberculosis-mdxxctd transforming 
growth factor beta 1 and interieukin-lO. Infect Immun 1999; 67:5730- 
5. 

34 Toossi Z, Mincek M, Seeholtzer E, Fulton SA, Hamilton BD. Hirsch 
CS. Modulation of IL-12 by transforming growth factor-beta (TGF- 
beta) in Mycobacterium tuberculosis-inftcttd mononuclear phagocytes 
and in patients with active tuberculosis. J Clin Lab Immunol 1997; 
49:59-75. 

35 Ushio S, Namba M. Okura T et ai Cloning of the cDNA for human 
IFN-gamma-inducing factor, expression in Escherichia coli and studies 
on the biologic activities of the protein. J Immunol 1996; 156:4274-9. 



© 2002 Black well Science Ltd, Clinical and Experimental immunology, 128:516-524 



524 



7.-5. Lee et al. 



36 Kawakami K, Qureshi MH, Zhang T, Okamura H, Kurimoto M, Saito 
A. IL-18 protects mice against pulmonary and disseminated infection 
with Cryptococcus neoformans by inducing IFN-gamma production. J 
Immunol 1997; 159:5528-34. 

37 Wei XQ. Leung BP, Niedbala W el al. Altered immune responses and 
susceptibility to Leishmania major and Staphylococctts aureus infec- 
tion in IL-18-dcficient mice. J Immunol 1999; 163:2821-8. 

38 Mastroeni P, Clare S, Khan S et al. Intcrleukin 18 contributes to host 
resistance and gamma interferon production in mice infected with 
virulent Salmonella typhimurium. Infect Immun 1999; 67:478-83. 

39 Sugawara I. Yamada H, Kaneko H, Mizuno S, Takeda K, Akira S. Role 



of intcrleukin-18 (IL-18) in mycobacterial infection in IL-18-gcne- 
disrupted mice. Infect Immun 1999; 67:2585-9. 

40 Vankayalapati R. Wizel B, Wcis SE, Samtcn B. Girard WM. Barnes PE 
Production of intcrleukin- 18 in human tuberculosis. J Infect Dis 2000; 
182:234-9. 

41 Garcia VE. Uyemura K, Sieling PA et ai IL-18 promotes type 1 
cytokine production from NK cells and T cells in human intracellular 
infection. J Immunol 1999; 162:6114-21. 

42 Yamada G, Shijubo N. Shigehara K, Okamura H, Kurimoto M, Abe S. 
Increased levels of circulating interleukin-18 in patients with advanced 
tuberculosis. Am J Respir Crit Care Med 2000; 161:1786-9. 



© 2002 Blackwell Science Ltd. Clinical and Experimental Immunology, 128:516-524 



■s 

o 
2 



{3 
O 



CO 



Z 

I 



o 



O 
Qi 

e 



T3l 

3 
0. 



13 
0) 

Oh 





0) 

> 



o 
X 



o 

Q. 

o 




VO 
VXD 

in 
o 

VO 



a. 

OS 
OS 



CD 
PQ 

o o 
c S 

•1— I 

di CD 



0) 



o 
u 



O § 

O) CD 

^ 5 

CD > 

CD <^ 

•6 S 

2 

o -a 

q u 

^ 8 03 



o 

13 

u 

C 
(0 
I. 

t 
GO 



c 
c 
o 

u 

a 



c 

0 



01 

o 
c 

0) 
IL 

I 

«) 
0) 
■D 



V) 

t: 
to 
o. 



c 
m 



u 



Q. 
CO 
X 



n 

CO 

<^ 

0^ 
Ol 

z 

Q. 

lU 
\^ 

Si 

8 

TP 

s: 



•a 
c 



T3 

c 
o 

to 



■o 
c 

fO 
(A 

o 
u 

E 
c 

£ 

SI 

o 
c 



< 

c 
o 



iS ^ 



o — 



o 



(0 

E 
3 



c 
c 

E 

8 



0) 

c 

E 

X 



Hi 

> 

Ui 

2 
o 





c 








p 


and 


hul 


<u 


c 


c 
o 


U 




< 


o 
(/) 




dni 


o 




c 


1. 

Q. 


o 

4-1 






cn 


1 








Q. 


T3 


±i 






> 


E 










S! 












Q. 


c 


Z3 


o 


SOU 


o 






E 


»— 1 

JZ 


E 


L. 




M- 




o 




tJ 


O 


ffe 


v> 


a; 


ect 


no 




w 


(U 


(Q 


0) 


5 


_c: 


0) 




i_ 


with 


: The 


o 


W) 






1 




hIL 


ns 


u 


LU 


"O 




(U 




i_ 


d 




> 


omp 


> 


u 








c 








o 


(>) 




Q 


> 


OH 


c 










5: 


bo 


8 


< 


mi 


c 




'i_ 




o 




CL 

cn 


CD 


o 




u 


in 
U 





<u 



10 o 

^ 9 

ID 

x: 

0) 

c 
_o 

o 

V) 

*c 

"O 



10 

o 

c 

T3 
03 

x: 

V) 

o 
£ 



in 

u 

o 
in 

m 
o 

»— • 



£ 

::r 

CQ 

in 
U 



c 
o 



5 



(A 

4.1 a; 
o c 

o 
■o 



5 

x: 
a 
o 



0) 

cn 

V) 



0> § -M 



T3 



U 



c 

Q. 

x: 



x: 

c 
o 

ti 

c 



(/I 



(0 

tl 

0) 



V) 

x: 



Z 

o 
(n 

-I 
U 

o 
u 



o 

CL 



u 



T3 



o 
u 



o 



T3 

q S! 



V) 



x: 
5 

cT 
g 



< 



8 



o 
o 

V- 

c 
o 

c 

ft3 



(U 



X3 

E 

CA 

2 



8 



E E 



CO 

in 
U 

T3 



<U 

o> 

fU 
O 

L. 

u 

no 

E 

c 
ru 

£ 

3 

x: 



u 
c 

4J 
W 

*t/) 



CO 

in 
U 

s 

U 



C 
Q. 



12 

P 
O 

<u 
c 

3 

E 

E 
o 

3 
03 

(U 

E 
o 
(/) 

c 



< 



c 
o 



u 



0) 

&_ 
u 
a> 
■o 
1- 

x: 

3 



3 

£ 
w 

ID 

u 
c 



< 
1 




I 

TO 

a> 

0) 
CO 



I s as 

« TO 0) C 

I ill 

(0 C <A 



00 



>- 

o 
c 

3 

£ 
E 



3 
0) 
Q. 
OJ 
i_ 

x: 

4-> 

x: 



0) 

c 
o 
u 



Q 
Q. 



t; 



to ] 
< 










01 




E 




'S 




u 




CO 




Q 


s 










Ac 


Se 


on, 


c 




to 


to 


E 




Hu 


c 






£ 




75 


E 


0) 


0 


X 






ree 






0) 






C 






epa 


tern 


0 








• 


8 




CD 




•g 
Q- 




• 



The Journal of Immunology 



In Vivo IL-10 Production Reactivates Chronic Pulmonary 
Tuberculosis in C57BL/6 Mice^ 

Joanne Turner,^* Mercedes Gonzalez-Juarrero,* Debi L. Ellis,* Randy J. Basaraba,* 
Andre Kipnis,* Ian M. Orme,* and Andrea M. Cooper^ 

The production of immunosuppressive cytokines, such as IL-10 and TGF-ft has been documented in individuals diagnosed with 
active tuberculosis. In addition, IL-10 production is increased within the lungs of mice that have chronic mycobacterial infection. 
Therefore, we hypothesized that the down-regulatory properties of IL-10 might contribute to the reactivation of chronic Myco- 
bacterium tuberculosis infection in mice. To determine the influence of IL-10 on the course of infection, transgenic mice producing 
increased amounts of IL-10 under the control of the IL-2 promotor were infected with M. tuberculosis via the respiratory route. 
Mice that overexpressed IL-10 showed no increase in susceptibility during the early stages of infection, but during the chronic 
phase of the infection showed evidence of reactivation tuberculosis with a highly significant increase in bacterial numbers within 
the lungs. Reactivation was associated with the formation of macrophage-dominated lesions, decreased raRNA production for TNF 
and IL-12p40, and a decrease in Ag-speclfic IFN-y secretion. These data support the hypothesis that IL-10 plays a pivotal role 
during the chronic/latent stage of pulmonary tuberculosis, with increased production playing a potentially central role in pro- 
moting reactivation tuberculosis. The Journal of Immunology, 2002, 169: 6343-6351. 



It is estimated that one-third of the world's population harbors 
an infection with Mycobacterium tuberculosis y of which --3 
million individuals go on to develop active disease each year 
(1). The factors that contribute to an individuars susceptibility to 
reactivate an apparently latent M tuberculosis infection are cur- 
rendy unknown, although malnutrition and immunosupression are 
among some of the suggested reasons (2, 3). A current area of 
active research is that of determining genetic linkage for suscep- 
tibility to develop reactivation tuberculosis. In man, several genes 
such as Nrampl (4, 5), 15q, and Xq (6) have been linked to tu- 
berculosis suggesting that susceptibility cannot be conferred by a 
single gene alone but is in fact multifactoral in nature. This theory 
is supported by studies in the mouse model that have identified 
associations with loci on chromosomes 3 and 9 (7), the H-2 locus 
(8), and more recently the sstl gene (9), suggesting that suscepti- 
bility is very unlikely to be mapped to a^single gene. Therefore, the 
identification of immune correlates of protection may be a more 
feasible approach with which to identify the very large number of 
latently infected individuals who are at risk of developing reacti- 
vation disease. 

Using mouse models of reactivation tuberculosis, we have pre- 
viously demonstrated that mouse strains such as the CBA/J and 
D6A/2 fail to up-regulate the cell surface adhesion molecules 
CDl la and CD54 on their circulating lymphocytes during an in- 
fection with M. tuberculosis (10). The failure of circulating T cells 
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to increase their expression of adhesion molecules correlated with 
the absence of lymphocyte foci within the lung granulomas. We 
hypothesized that this absence of lymphocytes contributed to the 
eventual breakdown of the lesion and reactivation of tuberculosis, 
and that die measurement of CDl la and CD54 expression on cir- 
culating lymphocytes might be a useful correlate of protection. It 
is likely that the feilure to up-regulate the expression of these mol- 
ecules is the consequence of an upstream event, although the 
mechanisms contributing to this event in the reactivation suscep- 
tible mouse strains are currently unknown. 

In this reganl, IL-10 is a cytokine that has been shown to have 
immunosuppressive activity that may contribute to mycobacterial 
disease. In the presence of IL-10, it has been shown that both T cell 
proliferation and IFN-y production is inhibited (11-14) and the 
action of IL-10 has been linked to its down-regulation of macro- 
phage activation. IL-10 can inhibit TNF and NO secretion (15, 16), 
down-regulate the expression of costimulatory molecules (11), and 
MHC class II (16, 17); therefore, it compromises both macrophage 
microbicidal mechanisms and Ag presentation. The ability of 
IL-10 to down-regulate immune responses and the fact that IL-10 
can be detected in tuberculosis patients (18, 19) have led research- 
ers to investigate whether IL-10 plays a role in susceptibility to 
tuberculosis. More specifically, it has been suggested that the re- 
moval of IL-10 will enhance protective immunity. Despite the 
known immunosuppressive properties of IL-10, infection of IL-10 
gene-disrupted mice with Mycobacterium bovis bacillus Calmette- 
Gu6rin resulted in only a small and transient increase in resistance 
to infection, and the outcome of chronic disease was unaltered (20, 
21). More significantly, infection of IL-10 gene-disrupted mice 
with M. tuberculosis resulted in either a minor increase in resis- 
tance (22) or no increase at all (23). The studies described used 
gene-disrupted mice that were bred onto a naturally resistant 
mouse strain, capable of generating a vigorous immune response 
during M tuberculosis infection and showing no signs of reacti- 
vation disease until well into old age (24, 25). In this regard, we 
hypodiesized that if C57BL/6 IL-10 gene-disrupted mice were 
slightly more resistant to mberculosis, the overexpression of IL-10 
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may result in an increased susceptibility of this mouse strain to 
infection perhaps more akin to the susceptible mouse strains that 
we have previously characterized. 

To determine whether increased IL- 10 production can influence 
the outcome of disease, we chose to study M. tuberculosis infec- 
tion in transgenic C57BL/6 mice that express IL- 10 under the con- 
trol of the IL-2 promoter (IL-10 transgenic mice) (26). These mice 
thus generate excess IL-10 when the IL-2 gene is induced, such as 
occurs during the vigorous response seen in M. tuberculosisAri" 
fected C57BL/6 mice. Our data demonstrate that the increased 
production of IL-10 during an infection with M. tuberculosis con- 
ferred a reactivation susceptible phenotype on the naturally resis- 
tant C57BL/6 mouse strain. Lesions within the lungs of IL-10 
transgenic mice were dominated by macrophages, mRNA for TNF 
and IL-12p40 was reduced in the lung, and the capacity of lung 
cells to secrete Ag-specific IFN-y was compromised. This pheno- 
type closely resembles that seen in the reactivation susceptible 
mouse strains. The demonstration that lesions within the lungs of 
CBA/J mice infected with M. tuberculosis contain substantial lev- 
els of IL-10 supports the hypothesis that this cytokine plays a 
major role in the development of reactivation tuberculosis in man. 

Materials and Methods 

Mce 

These studies were performed using specific pathogen-free C57BL/6 and 
CBA/J mice (The Jackson Laboratory, Bar Harbor, ME) at 6-8 wk of age. 
The IL-10 transgenic mice were a kind gift from Drs. H. Cheroute and M. 
Kronenberg (La Jolla Institute for Allergy and Infectious Disease, La Jolla, 
CA) (26). Mice were kept in ABL-3 biohazard conditions throughout the 
study and maintained on sterile chow and water ad libitum. The specific 
pathogen-free nature of the mouse colonies was demonstrated by testing 
sentinel animals. These were shown to be negative for 12 known mouse 
pathogens. All experimental protocols were approved by the Colorado 
State University Animal Care and Users Committee. 

Bacterial infections 

M. tuberculosis strain Erdman was grown from low passage seed lots in 
Pioskauer-Beck liquid media containing 0.02% Tween 80 to mid-log 
phase, then aliquoted and frozen at -70°C until use. Mice were infected 
via the aerosol route with a low dose (10^) of bacteria. Briefly, the nebu- 
lizer compartment of a Middlebrook airborne infection apparatus (Glas-col, 
Terre Haute, IN) was filled with 5 ml of distilled water containing a sus- 
pension of bacteria known to deliver —100 bacteria/lung. The numbers of 
viable bacteria in the lungs were followed against time by plating serial 
dilutions of individual partial organ homogenates onto nutrient Middle- 
brook 7HII agar and counting bacterial colony formadon after 21 days 
incubation at 37°C. The data were expressed as the log,o value of the mean 
number of bacteria recovered firom four individual animals. 

Histology 

The right caudal lung lobe from each mouse {n - 4/group) was inftised 
with 10% neutral-buffered formalin. Tissues were sectioned for light mi> 
croscopy with lobe orientation designed to allow for the maximum surface 
area of each lobe to be seen. Sections were stained with H&E. Sections 
were examined by a veterinary pathologist without prior knowledge of the 
experimental groups, and evaluated at least twice to verify the reproduc- 
ibility of the observations. 

Immunohistochemistry 

Formalin-fixed lung tissue was embedded in parafiin, and serial sections of 
tissue were cut 7-fAm thick. Paraffin was removed using EZ-DeWax solu- 
tion (BioGenex Laboratories, San Ramon, CA), and the Ag retrieval pro- 
cedure was performed using the Ag Retrieval Citra solution according to 
the manufacturer's protocol (BioGenex Laboratories). Tissue endogenous 
peroxidase was inactivated using peroxidase block reagent (innogenex, San 
Ramon, CA) and nonspecific binding blocked by incubating the sections 
for 30 min with 5% mouse serum (Sigma-Aldrich, St. Louis, MO). The 
sections were incubated overnight at 4°C with goat polyclonal Ab specific 
for murine IL-IO, or an tnelevant IgG goat Ab (Santa Cruz Biotechnology. 
Santa Cruz, CA). The sections were washed with PBS containing 0.5% 
Tween 20 followed by incubation with the secondary polyclonal donkey 



anti-goat Ab conjugated to HRP (Seroiec, Raleigh, NC) for 40 min at room 
temperature. Saiiq)les were developed using AEC substrate (BioGenex 
Laboratories). Sections were counterstained using hematoxylin (BioCenex 
Laboratories) and mounted using crystal mount. 

Isolation of cells from infected lungs and spleen 

Mice were euthanized and the pulmonary cavity opened. The lung was 
cleared of blood by perfiising through the pulmonary artery with 10 ml of 
saline containing 50 U/ml of heparin (Sigma- Aldrich). Lungs were re- 
moved from the pulmonary cavity and placed in cold DMEM (Life Tech- 
nologies, Grand Island, W). After removal of the connective tissue and 
trachea, the lungs were disrupted using sterile razor blades and incubated 
for 30 min at 37''C in a final volume of 2 ml DMEM containing collagenase 
XI (0.7 mg/ml; Sigma-Aldrich) and type IV bovine pancreatic DNase (30 
^g/ml; Sigma-Aldrich). Ten milliliters of DMEM containing supplements 
(10% heat-inactivated PCS; Life Technologies), 1% I M HEPES buffer (I 
M; Sigma-Aldrich), 1% L-glutamine (200 nM; Sigma-Aldrich), and 2% 
MEM-nonessential amino acids (lOOX; Sigma-Aldrich) was added to stop 
the action of the enzyme. Digested lungs were then gently dispersed 
through a nylon screen, and centrifuged at 300 X g. Remaining RBCs were 
lysed using ACK lysis buffer (0.1 5 M NH4CI, LO mM KHCO3). Cells were 
resuspended in DMEM plus supplements. Spleens were harvested from 
individual mice and the cells dispersed through a nylon screen. RBCs were 
lysed using ACK lysis buffer (0. 1 5 M NH4CI, 1 .0 mM KHCO3) and spleen 
cells were resuspended in DMEM plus supplements. 

Flow cytometry 

Cells from the lung or spleen were obtained from each individual mouse 
and incubated with specific Ab (25 /ig/ml) for 30 min at 4°C and in the 
dark followed by two washes in D-RPMI lacking biotin and phenol red . 
(Irvine Scientific, Santa Ana, CA). Cells were analyzed using a BD Bio- 
sciences FACSCalibur and data analyzed using CellQuest (BD Bio- 
sciences, San Diego, CA). Lymphocytes were gated by forward and side 
scatter, and CD4^ and CDS"*" T cells identified by the presence of specific 
fluorescent-labeled Ab. Cell surface markers were analyzed using FITC- 
labeled anti-CDl la (clone 2D7) and PE anti-CD54 (clone 3E2), PcrCP- 
labeled anti-CD4 (clone RM4-5), and allophycocyanin-labelcd anti-CD8 
(clone 53-6.7). Appropriate isotype control Abs were included in each 
analysis. All Abs were purchased from BD PharMingen (San Diego, CA), 
Measurement of intracellular IFN-7 was conducted by preincubating lung 
cells with 0.1 p.g/ml anti-CD3€ (clone 145-2C1 1) and I p,g/ml anti-CD28 
(clone 37.5 1) in the presence of 3 <xM monensin for 4 h at 37°C, 5% COj. 
Cells were stained with Abs for cell surface molecules as described above 
before a permeabilization step conducted according to the manufacturer's 
instructions (Fix/Pem kit; BD PharMingen). FITC anti-IFN-y (clone 
XMG1.2) or IgG I isotype control Ab was incubated with the cells for a 
fiirther 30 min, washed twice, and resuspended in D-RPMI before analysis. 

Lung cell culture 

Lung cells were resuspended at 5 X 10* cells/ml in DMEM plus supple- 
ments. Cells were cultured with OVA (10 /xg/ml; Sigma-Aldrich), or cul- 
ture filliBle proteins (CFPs)^ from M. tuberculosis (10 /ig/mU received 
firom National Institutes of Health contract Al-75320). After 5 days of 
culture at 37'C and 5% COj, the plates were frozen at -70''C until fiirther 
analysis. 

Cytokine ELISA 

Supematants were harvested fi^m lung cell cultures and assayed for the 
presence of IFN-7 and IL-10 by ELISA. Briefly, the primary Ab (IFN-y 
clone R4-6A2, IL-10 clone JES5.2A5; BD PharMingen) was incubated 
overnight in 96-well round bottom Immulon 2 plates in carbonated coating 
buffer. Excess Ab was washed away using PBS-Twccn 20, The wells were 
blocked with 3% BSA in PBS-Tween 20. The samples were dispensed in 
duplicate into the wells. A standard curve was prepared using IFN-y (Gcn- 
zyme, Cambridge, MA) or IL-10 (BD PharMingen) for each individual plate. 
Cytokine production was detected by the addition of a secondary biotinylated 
Ab (IFN-y clone XMGI.2, IL-IO clone SXC-l; BD PharMingen) and fol- 
lowed by avidin-peroxidase (Zymed Laboratories, San Francisco, CA) and 
3,3',5,5'-tetramethylbenzidine substrate (DAKO, Carpinteria, CA). 

PGR analysis of mRNA 

A portion of lung tissue was suspended in Ultraspec (Cinna/Biotecx, 
Friendswood, TX), homogenized, and frozen rapidly for storage at -70''C. 



^ Abbreviations used in this paper. CFP. culture filtrate protein. 
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Total cellular RNA was extracted and reverse transcribed using murine 
Moloney leukemia virus revcise transcriptase (Life Technologies). PGR 
was pcrfomied with specific primers for IL-2 or IL-10, The PGR product 
was Southern blotted and probed with specific labeled oligonucleotides, 
and the blots were developed using the ECL kit (Amcrsham, Arlington 
Heights, IL). The hypoxanthinc phosphoribosyllransferase housekeeping 
gene was also amplified for each sample and used to confimi that equiv- 
alent amounts of readable RNA were present in all the samples. Alterna- 
tively, the detection of IL-IO, TNF, or 1L-I2p40 mRNA was conducted 
using a TaqMan 7700 real-time PGR machine (Applied Biosystems, Foster 
City, CA). For quantification purposes, Ribosomal DNA for each sample 
was also assayed as an endogenous normal izer. Quantification of message 
was conducted using the Delta Delta Gt method. 

Statistical analysis 

Statistical significance was detennined with the Student*s / test and was 
found to be significant when p < 0.05, or highly significant when p < 
0.005. 




FIGURE I. CBA/J mice infected with M. tuberculosis produce abun- 
dant IL-10 within the macrophagc-dominated lesions of the lung. Lung 
tissue sections from CBA/J and C57BU6 mice were collected 50 and 1 50 
days postinfection with W. tuberculosis. Tissue was sectioned and labeled 
with anti-IL-IO. IL-IO was found within the foamy macrophages at the 
center of the granuloma of CBA/J mice afler 50 (A and fi), and 150 (E and 
F) days infection. Very little IL-IO was detected within the lungs of 
C57BL/6 mice after 50 (C and D) and 150 (C and hf) days infection. 
Figures are representative of three independent experiments. Magnification 
X40 {A, C C) and X400 (fi, Z>, F. //). 



Results 

CBA/J mice produce more IL-W within the lesions of the lung 
during infection with M. tuberculosis 

To determine whether the production of IL-10 could contribute to 
the susceptibility of CBA/J niice to reactivate M. tuberculosis in- 
fection, we stained sections of lung tissue from CBA/J and 
C57BL/6 mice for the expression of IL-10. As early as 50 days 
postinfection with M. tuberculosis, high levels of IL-10 could be 
detected within the lesions of CBA/J mice (Fig. 1, .4 and B). TL-10 
was predominantly found within the macrophage populations at 
the center of the lesions, and could also be detected within bron- 
choepithelial cells lining the airways. After 150 days of infection 
with M. tuberculosis^ abundant IL-10 could be detected in macro- 
phages within the lung lesions firom CBA/J mice (Fig. 1 , £ and F). 
In contrast, the lung lesions of C57BL/6 mice contained only oc- 
casional macrophages and endothelial cells that stained weakly 
positive for IL-10 after 50 (Fig. 1, C and D) or 150 days (Fig. 1, 
G and H) postinfection. 

IL-JO transgenic mice are susceptible to reactivation 
tuberculosis 

To determine whether naturally reactivation-resistant C57BL/6 
could reactivate M tuberculosis infection if they produced in- 
creased IL-10, we infected mice that were capable of overexpress- 
ing IL-10 (IL-10 transgenic mice) and monitored the bacterial* 
growth over time. Whereas C57BL/6 mice were able to contain the 
bacterial load within the lungs for the duration of the experiment, 
the lung bacterial burden of IL-IO transgenic mice increased sig- 
nificantly during the latter part of the study to ~2 log more than 
the controls (Fig. 2). The increase in bacterial numbers within the 
lungs of IL-IO transgenic mice occurred at a similar rate to tiiat 
seen in the reactivation-susceptible CBA/J mouse strain. 

JL'IO transgenic mice produce more IL-JO 

To determine whether 10 was being produced in response to 

mycobacterial Ag, limg cells were harvested firom individual mice 

9-1— 



o 




Time post Infection (days) 
FIGURE 2. IL-IO transgenic mice arc susceptible to reactivation tuber- 
culosis. C57BU6 (•) CBA/J (■) and IL-10 transgenic mice (A) were 
infected with - 1 0^ viable M tuberculosis Erdman via the respiratory route 
and the CFU within the lung calculated at specific time points postinfec- 
tion. Data represent the mean i SEM from four mice at each individual time 
point and arc representative of three independent experiments. Statistical sig- 
nificance was calculated and found to be highly significant (*». p < 0.005) 
between C57BL/6 mice and both CBA/J and IL-IO irangenic mice. 
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and incubated with CFPs from M tuberculosis. Lung cells from 
IL-10 transgenic mice produced significantly more IL-10 than 
wild-type C57BL/6 mice both 21 and 50 days postinfection when 
cultured with CFP (Fig. 3). Ag-specific IL-10 production could not 
be detected in lung cell cultures from CBA/J mice. Comparable 
levels of IL-2 mRNA could be detected within the lungs of 
C57BL/6 and IL-10 transgenic mice during the infection, and 
IL-10 transgenic mice produced up to 4- fold more IL-10 mRNA 
within the lungs compared with wild-type mice, as determined by 
RT-PCR (data not shown). 

CD! la and CD54 expression on CD4 T cells from the spleen 
and lung 

We have previously demonstrated that circulating lymphocytes 
isolated from reactivation-prone mice failed to express the adhe- 
sion molecules CDlla and CD54 as brightly on their surface as 
similar cells from C57BL/6 mice (10). Indeed, IL-10 exposure has 
also been shown to decrease the expression of CD 11 a on the cell 
surface of lymphocytes (27). CD4 T cells isolated from the spleen 
of CBA/J mice expressed less CDl la on their surface (Fig. 4). as 
we have previously demonstrated (10). The failure to increase 
CDl la expression was evident up to 120 days postinfection, dem- 
onstrating that this was not a transient event in the CBA/J mouse 
s&ain. CD4 T cells from the spleens of IL-10 transgenic mice 
expressed a moderate expression of CDl la on their surface, equiv- 
alent to CD4 T cells from the spleens of C57BL/6 mice (Fig. 4). 

Analysis of the local influence of IL-10 production on the ex- 
pression of CDl 1 a within the lungs demonstrated that CD4 T cells 
from both CBA/J and IL-10 transgenic mice expressed less CDl la 
on their surface than CD4 T cells isolated from the lungs of 
C57BL/6 mice (Fig. 5, A and B). In addition, lung digests revealed 
that CBA/J and IL-10 transgenic mice had fewer CD4 T cells within 
the lungs in comparison to the C57BL/6 mouse strain (Fig. 5Q. 



1200 



1000 




Time post infection (days) 
FIGURE 3. IL-10 transgenic mice produce more IL-10 in response to 
infection with M. tuberculosis. Lung cells from individual C57BL/6 (□). 
CB/V/J (0), or IL-10 transgenic mice (■) were cultured with CFP from M. 
tuberculosis for 5 days at 37"C, 5% COj. IL-10 secretion in the culture 
supcmatants was measured by ELISA and expressed as the mean ± SEM 
for four individual mice at each time point. Results are representative of 
three independent experiments. Statistical significance was delcnnincd be- 
tween C57BL/6 mice and CBA/J or IL-IO transgenic mice and found to be 
significant p < 0.05) or highly significant (♦», p < 0.005) where 
indicated. 
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FIGURE 4. Expression of CD U a*'"^'" on CD4 T cells isolated from the 
spleen. Spleen cells were isolated from Af. tuberculosis infected C57BL/6 
(□), CBA/J (% or IL-10 transgenic P) mice throughout the course of die 
stady and labeled with fluorescent Ab specific for CD4 and CDl la. Data 
are expressed as the percentage of CD4 positive cells that expressed high 
levels of CDl la on their surface (A) and represents the mean ± SEM from 
four mice at each individual time point. Results are representaUve of two 
independent experiments. Statistical significance was calculated and found 
to be highly significant (**. p < 0.005) between C57BL/6 mice and CBA/J 
mice where indicated. Representative histograms depicting expression of 
GDI la on CD4 T cells afler 120 days infection with M. tuberculosis. 
C57B176 (shaded histogram), CBA/J and IL-IO transgenic (open histo- 
gram) are shown (5). TG, transgenic. 



IL-12p40 and TNF mRNA is reduced in the lungs of IL-10 
transgenic and CBA/J mice 

IL-10 production can down-regulate macrophage responses, which 
subsequently influence the capacity of the host to generate a T 
cell-mediated response. To determine whether IL-10 overproduc- 
tion could influence the immune response within the lungs of 
IL- 1 0 transgenic or CBA/J mice, we quantified the amount of TNF 
and IL-I2p40 mRNA during the course of infection. The overex- 
pression of IL-10 in the IL-IO transgenic mice correlated with 
delayed expression of TNF mRNA in the lungs of these mice when 
compared with the expression in C57BL/6 mice (Fig. 6^). The 
expression of TNF mRNA was more substantially delayed in 
CBA/J mice, and this also correlated with the high levels of IL-10 
seen in the lung lesions of these mice (see Fig. 1). The pattern of 
IL-I2p40 expression in both the IL-10 transgenic and CBA/J mice 
was markedly different from that seen for the C57BU6 mice in that 
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FIGURE 5. Expression of CD I la**"""' on CD4 T cells isolated from 
the lung. Lung cells were isolated from M. tubercviosis-'mfected 
C57BL/6 (□), CBA/J W, or IL-iO transgenic (■) mice throughout 
the course of the study and labeled with fluorescent Ab specific for CD4 
and CDIIa. Data are expressed as the percentage of CD4 positive 
cells that expressed high levels of CDIIa on their surface {A) and 
represents the mean ± SEM from four mice at each individual time 
point. Results are representative of three independent experiments. 
Statistical significance was calculated and found to be significant 
(*, p < 0.05), or highly significant (**, p < 0.005), between C57BL/6 
mice and CBA/J mice, or C57BL/6 mice and IL-IO transgenic mice, 
where indicated. Representative histograms depicting expression of 
CDIIa on CD4 T cells after 21 days infection with M. tuberculosis 
are shown. CS7BL/6 (shaded histogram), CBA/J or iL-lO trans- 
genic (open histogram) {B). Absolute number of CD4 T cells within the 
lungs of CS7BL/6 (□). CBA/J or IL-IO trangenic (■) mice are 
shown (Q. 
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FIGURE 6. TNF and IL-I2p40 mRNA production within the lung dur- 
ing infection. Lung tissue was obtained from C57BL/6 (•). IL-IO trans- 
genic (A), or CBA/J (■) mice throughout the course of infection. RN A was 
extracted and analyzed using primers and probes specific for TNF {A) or 
IL-I2p40 (JS). Data were normalized for the amount of RNA added to the 
reaction using 18S as a control. 



both mice expressed low levels of IL-12p40 mRNA in the lungs 
throughout infection (Fig. 6B). 

The capacity to produce IFN-y is reduced in IL-IO 
transgenic mice 

By its immunoregulatoiy action on the macrophage, IL-IO can also 
influence Ag-specific IFN-y production (11,12); therefore, we de- 
termined whether mycobacterial-specific IFN-y production was 
also reduced in the lungs of IL-IO transgenic mice. Lung cells were 
isolated from mice that had been infected with M tuberculosis and 
cultured with CFP Ags from M. tuberculosis. Ag-specific IFN-y 
production was reduced in the lung cell cultures of CBA/J and 
IL-IO transgenic mice when compared with similar cultures from 
C57BL/6 mice (Fig. 7). 

IL-W transgenic mice generate macrophage-dominated lung 
lesions during chronic M. tuberculosis infection 
A major characteristic of M. tuberculosis infection in the reacti- 
vation prone mouse strains is the predominance of macrophage 
type lesions within the lung. To determine whether the increased 
expression of IL-IO and associated decreased expression of CDl la 
on lymphocytes was associated with the formation of macrophage- 
dominated lung lesions, lung tissue was collected, sectioned, and 
stained with H&E. C57BL/6 mice developed characteristic lesions 
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FIGURE 7. IL-10 transgenic mice produce less IFN-7 in response to 
infection. Lung cells from individual C57BL/6 (□). CBA/J (0) or lL-10 
transgenic mice (■) were cultured with CFP from Ai tuberculosis for 5 
days at SVC, 5% CO2. IFN-y secretion in the culture supematants was 
measured by ELISA and expressed as the mean ± SEM for four individual 
mice at each time point. Results are representative of three independent 
experiments. Statistical significance was calculated and found to be sig- 
nificant p < 0,05), or highly significant (**, p < 0.005), between 
C57BL/6 mice and CBA/J mice, or C57BL/6 mice and IL-IO transgenic 
mice, where indicated. 



(25) consisting of epithelioid macrophages associated with prom- 
inent intralesional scattered or aggregated areas of lymphocytes 
that persisted until at least 200 days (Table I and Fig. 8, A and B). 
Initially, the lesions within the lungs of IL-10 transgenic mice 
resembled those seen in the C57BL/6 strain with prominent lym- 
phocytic perivascular/peribronchiolar accumulations and abundant 
macrophage clusters (Fig. 8C, day 50). However, of particular in- 
terest was the observation that after 200 days of infection with M 
tuberculosis, only a few loose lymphocyte aggregates were ob- 
served. The lesions had progressed to consist predominantly of 
foamy macrophages (Fig. 8Z), day 200) with cellular necrosis, and 



cholesterol deposition similar to that observed in the lungs of re- 
activation-prone mouse strains. 

Discussion 

In these studies, we demonstrate that IL-10 could be detected 
within the lesions of CBA/J mice as early as 50 days postinfection 
with M, tuberculosis, suggesting that IL-10 may influence the en- 
suing immune response and subsequent susceptibility to reactiva- 
tion disease in this mouse strain. To fully determine whether IL-10 
had any influence on the course of chronic tuberculosis, we in- 
fected C57BL/6 transgenic mice that express IL-10 under control 
of the IL-2 promoter (26) with M tuberculosis. Infection resulted 
in the increased production of IL-10 within the lungs of IL-10 
transgenic mice. The most significant finding was that although 
IL-10 transgenic mice could initially control an infection with M 
tuberculosis, as the period of infection progressed into the chronic/ 
latent phase they began to show signs of reactivation disease. 
Therefore, these findings demonstrate that the addition of a single 
cytokine, IL-10, resulted in a reactivation-susceptible phenotype in 
a nanirally reactivation-resistant C57BL/6 mouse strain. Our re- 
sults also confirm findings by Murray et al. (28) in which the 
overexpression of IL-10 led to increased growth of M bovis ba- 
cillus Cahnette-Gu^rin within the spleen and liver of mice. These 
data support the hypothesis that the increased production of IL-10 
is a potential immune correlate of susceptibility to reactivation 
tuberculosis, and may be the underlying trigger for this event. 

In a mouse model of progressive primary tuberculosis, IL-10 
was not detected until at least 6 mo (180 days) following an 
infection with M. tuberculosis (29), and we demonstrate in this 
study that the C57BL/6 mouse strain produced very little IL-10 
during chronic M, tuberculosis infection. These results suggest that 
the production of IL-10 is not associated with the initial control of 
infection, but that this cytokine may be more important during the 
chronic or latent phase of mberculosis in this model. Therefore, 
this may explain why only a moderate and transient enhanced early 
resistance can be found when C57BL/6 IL-1 0 gene-disrupted mice 
are infected with mycobacteria (20, 21, 23, 30). This increased 
resistance to infection in the absence of IL-10 is documented to be 
associated with an increased expression of inflammatory mediators 
such as TNOF (21), inducible NO synthase (21), and IL-12 (23). 



Table I. Analysis of microscopic lung lesions from M. tuberculosis-i/i/ec/e^/ mice 



Time 
Postinfection 
(days) 



Mouse Strain 



C57BL/6 



IL- 10 Transgenic 



25 



SO 



150 



200 



Mild 

Pcrivascular/brochiolar lymphocytes. Individual foci 

of epithelioid macrophages. 
Moderate 

Prominent intralesion scattered or aggregates of 
lymphocytes associated with epithelioid 
macrophages. 

Moderate 

Markedly vacuolated epithelioid macrophages. 
Occasional giant cells. More prominent necrosis 
and slight increase in neutrophils. Early 
extracellular cholesterol cleft formation. 

Moderate 

Lymphocytes dominate and are cither loosely 
organized within the lesions, or in dense 
aggregates. Vacuolated macrophages. 



Mild 

Lymphocytic lesions with fewer epithelioid 
macrophages. Increased number of neutrophils. 

Moderate 

Perivascular/bronchioiar lymphocytes associated with 
abundant macrophages. Moderate macrophage 
vacuolation. 

Marked 

Extensive coalescing lesions consisting of markedly 
vacuolated macrophages. Lymphocytes associated 
with small foci of necrosis. No significant cholesterol 
fonnation. 

Marked 

>80% lung involvement. Loosely dispersed 
lymphocytes with degenerating macrophages. 
Prominent cholesterol clefts. Mixed inflammatory 
cells in the airways. 



-^Lung tissue was harvested from M, /«/,erc«/a5«.infcctcd mice at the designated time points. Tissue was sectioned, stained with H&E f"^.'";'^'^^'^^^^^ 
pathologist without prior knowledge of the groups. Tissue sections were gilded accorfing to gross evaluation of lesion size, number, and d,sinbui,on. Data are representative 
of two independent experiments. 
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FIGURE 8. IL-IO transgenic mice generate macro- 
phage-dominated lesions during chronic M. tuberculo- 
sis infection. Formalin-fixed tissue was prepared and 
sectioned for light microscopy. The tissue was stained 
with H&E. C57BU6 mice developed chaiacteristic le- 
sions consisting of epithelioid macrophages associated 
with prominent inUalesional scattered lymphocytes {A\ 
day 50), that persisted throughout the infection (C; day 
200). The lungs of lL-10 transgenic mice showed 
perivascular/peribronchiolar lymphocytes associated 
with abundant macrophage clusters {B\ day 50) which 
developed into lesions consisting predominantly of 
foamy macrophages, with cholesterol deposition and 
necrosis (£>; day 200). Magnification X200, bar = 100 
^m. Figures arc representative of two independent 
experiments. 



Although IL-10 appears to reduce the production of these and 
other inflammatory molecules (16, 31), the transient and minimal 
reduction in bacterial numbers early in the course of infection of 
IL-iO-deficient mice suggests that this molecules does not act to 
limit early protective responses in vivo. 

Although early protective mechanisms appear unaffected by IL- 
10, we clearly show in this smdy that the expression of lL-10 
during chronic infection is detrimental to both the protective an- 
tibacterial response and to the development of stable mononuclear 
granulomas. The overexpression of IL-10 in the IL-10 transgenic 
mice clearly correlates with the reduced expression of the cyto- 
kines TNF and IL-I2p40, which are not only antibacterial, but also 
important in the generation of stable granulomas (32-34). That this 
reduced cytokine expression is also seen in the CBA/J mice, which 
also expressed high levels of IL-10 in the hmg (albeit from mac- 
rophages rather than T cells), suggests that IL-10 is an active 
down-regulator of protective responses in the chronically infected 
murine lung. Why the eariy protective response is unaffected by 
IL-10 expression when the response within the chronically in- 
fected lung is altered poses an interesting question for further 
study. It is likely that the potent TH I -inducing naUire of M. tu- 
berculosis (33, 35) overrides any early inhibitory IL-10 effects, but 
that as disease develops, the levels of IL-10 increase (artificially in 
the IL-10 transgenic and nanirally in the CBA/J mice) and the 
cytokine is able to limit the expression of protection. 

Enhanced resistance to infection with other pathogens has also 
been demonstrated in IL-10 gene-disrupted mice (36, 37). How- 
ever, it is also apparent that despite reducing bacterial numbers, the 
failure to down-regulate an acute immune response can also be 
fatal to the host due to the generation of an overwhelming inflam- 
matory response (38-40). That IL-10 does not appear to be es- 
sential for the control of an infection with M. tuberculosis, or that 
its absence does not result in progressive inflammatory responses 
within the lung suggests that the down-regulation of the immune 
response to M tuberculosis could be mediated by an independent 
mechanism. Alternatively, we demonstrate in this smdy that the 
overexpression of IL-10 results in the exacerbation of disease; 
therefore, it seems possible that a continued immune response dur- 
ing chronic Af. tuberculosis infection may in fact be critical for the 
containment of a long-term infection. Studies that have sought to 



determine the immune parameters that are required for the main- 
tenance of a chronic infection with M. tuberculosis have identified 
numerous molecules that include T cell subsets (41, 42), TNF (43, 
44), and NO (45). It is also of interest to note that these same 
molecules are required for the initial control of infection (46-48), 
adding further support to the hypothesis that a continued immune 
response is necessary to prevent the reactivation of infection in the 
mouse model. 

As we have demonstrated, the overexpression of IL-10 in our 
model was associated with a reduced capacity of lung cells to 
produce IFN-y in vitro in response to CFP Ags from M. tubercu- 
losis, thus demonstrating that the Ag-specific response could be 
compromised. The presence of IL-10 within the lungs of infected 
mice also inhibited the further recruitment of lymphocytes into this 
organ, demonstrated by the finding that in comparison to wild-type 
mice, overexpression of IL-10 resulted in fewer CD4 T cells within 
the lungs during the infection. The production of IFN-y per cell 
was not dramatically altered (C57BU6 1.4 X 10"^ CBA/J 1.6 X 
10"^ IL-10 trangenic 0.98 X 10"^ pg/ml); however, the signifi- 
cantly reduced number of T cells within the hings of IL-10 trans- 
genic and CBA/J mice would also result in a net reduction of 
IFN-7 within the lungs. 

Perhaps of more importance was the finding that those CD4 T 
cells present within the lungs of IL-10 transgenic mice also failed 
to up-regulate the expression of CD I la on their surface. IL-10 has 
been shown to influence the expression of CDl 1 a on the surface of 
T cells (27), and may have a local influence on lymphocytes as 
they enter the lungs, down-regulating the expression of CDl la and 
influencing the capacity of lymphocytes to migrate within the le- 
sions. This failure to up-regulate the adhesion molecule CDl la 
resembles the phenotype of two mouse strains, CBA/J and DBA/2, 
that we have previously described as reactivation-susceptible (10). 
The reduced expression of CDl la on T cells from CBA/J mice is 
a systemic effect as shown in this smdy and previously (10). That 
the IL-10 trangenic mice did not exhibit reduced CDl la expres- 
sion in the spleen (where the level of IL-2 induction, and thus 
IL-10, is reduced due to low levels of infection and thus, immune 
stimulation) supports the hypothesis that it is IL-10 expressed at 
the site of infection that is limiting the expression of CD 1 1 a on the 
T cells within the lungs of the IL-10 transgenic mice. Therefore, 
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these studies identiiy the overproduction of IL-IO as a potential 
correlate of reactivation tuberculosis in the mouse model that 
results in the characteristic phenotype within the lungs that is seen 
in the naturally reactivation-susceptible mouse strains. 

The loss of lymphocyte foci within the lungs of IL-10 transgenic 
mice appears to have a significant impact on the integrity of the 
lung lesions as the course of infection ensued. The absence of 
localized T cells and the loss of Ag-specific IFN-y production 
appeared to be directly associated with the gradual increase in 
bacterial load within the lungs. As this occurred, lung lesions in the 
IL-10 transgenic mice were dominated by macrophages and with 
progressive degeneration, characterized by necrosis and neutrophil 
influx. As such, these lesions closely resembled the macrophage- 
dominated lesions that we have previously described in two rcac- 
tivation-pione mouse strains (10). The overexpression of IL-10 
within lesions of the lung, whether via transgene expression or as 
a result of IL-lO-producing macrophages within the lesions, thus 
clearly predisposes these mice to enter a stage of reactivation 
disease. 

The identification of immune correlates of protection/suscepti- 
bility to tuberculosis in the mouse model takes on particular im- 
portance if these findings can be extrapolated to man. The identi- 
fication of individuals that have the potential to reactivate a latent 
M, tuberculosis infection, perhaps by a significant increase in their 
capacity to produce IL-10, may help identify individuals who will 
go on to develop reactivation disease later in life and hence be a 
source of infection. Therapeutic treatment of these individuals with 
drugs or periiaps with anti-IL-lOR Ab (49) could potentially pre- 
vent reactivation tuberculosis and thereby reduce the index cases 
for infectious tuberculosis within the community. In support of this 
concept, elevated levels of serum IL-IO have been reported in in- 
dividuals with active tuberculosis (19) and in the pleural fluid of 
tuberculosis pleurisy patients (18). In addition, elevated IL-IO lev- 
els appear to be greater in individuals that are coinfected with M 
tuberculosis and HIV (50-52), which reflects the ability of both M 
tuberculosis and HIV to stimulate IL-10 production during infec- 
tion (53). Therefore, observations that the production of IL-10 is 
associated with the development of active (or reactivation) disease 
in man are in keeping with the findings of the present smdy, which 
demonstrate that increased susceptibility to reactivation tubercu- 
losis in the mouse model is strongly influenced by the expression 
of IL-10 during the chronic or latent phase of die infection. 
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Virulence of Mycobacterium tuberculosis affects lnterleukin-8» 
: monocyte chemoattractant protein-1 ahd interleukin-10 production \ 
\ by human mononuclear phagocytes. I 

Fietta A, Meloni Francioii C , Morosini M, Bulfpheroni A, 
Casali L, GiaidronI GrassI G . 

Department of Hematological, Pneumological and Cardiovascular Sciences, 
University of Pavia, IRCCS Pollclinico San Matteo, Italy, 
tislolmm@ipv36.unipv.it 

Microbial virulence and cytokine-medlated immune responses to 
Mycobacterium tuberculosis Infection are important determinants of 
the pathogenesis of human tuberculosis. To determine the 
Interrelationship between mycobacterial virulence and cytokine 
induction, human monocytes and monocyte-derlved macrophages 
were infected with attenuated (H37Ra) and virulent (H37Rv and 
CH306) strains of M. tuberculosis and the amount of 
proinflammatory [Interleukin (IL)-8 and monocyte chemoattractant 
protein (MCP)- 1] and inhibitory (IL- 10) cytoldnes was measured in 
the culture supernatants by enzyme-linked immunosorbent assay 
(ELISA). Infection with live bacilli Induced de novo synthesis of IL-8, 
MCP-1 and IL-10, since cytokine release was abolished when cells 
were preincubated with the protein synthesis Inhibitor 
cycloheximide. A differential production of antiinflammatory and 
inhibitory cytokines was observed. The amount of IL-8 and MCP-1 
release was inversely related to strain virulence, the attenuated 
H37Ra strain being more prone than virulent strains to induce 
secretion of chemokines. In contrast, virulent strains Induced 
greater amounts of the Inhibitory cytokine IL-10. Efficient 
upregulation of IL-10 synthesis, but not of chemokines, required 
Infection of cells with live bacilli, since heat killing of organisms or 
challenge with soluble mycobacterial products completely abrogated 
the effect. Moreover, cells infected with virulent strains produced IL- 
10 even at a very low bacillus-to-cell ratio and secreted IL-10 
continuously during the 96 h that followed Infection. The results 
suggest that the degree of virulence affects host cell responses to M. 
tuberculosis Infection, Continued production of IL-10 may be one of 
the means by which M. tuberculosis downregulates acute local 
inflammatory reactions, favoring the development of tuberculosis. 
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